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STOKERS 


T= Babcock & Wilcox Stoker is the outcome of the Company’s 





experience in the design and manufacture of stokers from 1883 
to the present day, and the features of the present stokers 
were developed with the sole idea of producing a sound product 
based on the results obtained in many thousands of installations 
dealing with all classes of fuel. 
The Company manufactures three types of stokers, viz. the Styles 6 
and 31 Chain Grate Stokers and the Style 28 Travelling Grate Stoker. 
j All types are suitable for burning any free-burning bituminous coal, 
STVLE 6 and the Styles 31 and 28 Stokers are, in addition, particularly 
applicable for anthracite, coke breeze, lignite, low volatile fuels, and 
low grade fuels generally. 
The use of each style of stoker is governed by the type of fuel to 
be burned, the load to be carried and the range of load to be 
covered, which factors are too broad to enable a single design of 
stoker to be applied universally. 
The bottom illustrations show a Style 28 Stoker 33’ 0” wide, which 
is one of 22 such Stokers supplied to a single Power Station. All the 
illustrations are taken from our recent publication, a copy of which 
will be sent on request. 


CATALOGUE No. 1208—STOKERS 


STYLE 31 


Above & below 
STYLE 28 
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BABCOCK HOUSE. 34 FARRINGDON STREET, LONDON. E.C.4 
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“Stop. | know what you're going to tell me..... “If 
you use Tube Products Electrically Welded Steel Tubes 
in your transformers you can be sure of your oil keeping 
clean, free circulation and good cooling.’’ 


Write for our Illustrated Catalogue 
issuep BY; TUBE PRODUCTS LIMITED - OLDBURY - BIRMINGHAM 
TELEPHONES: BROADWELL 1651-1656 TELEGRAMS: TUPRODUCTS, OLDBURY 








IOCO 
INSULATION 


for quality and reliability 


“LINAPEX” VARNISHED CLOTHS | “FORMAPEX’ VARNISHED PAPERS 




















AND TAPES Mi 
Straight cut, Bias cut, Seamless or Stitched “ OCOBIND BLACK ADHESIVE 
“LINAPEX” VARNISHED SILKS — 
AND TAPES SLOT INSULATION 
“ FORMAPEX” MIOCARTA SHEETS MAGNETIC SLOT WEDGE 
AND TUBES (Bakelite Type) MATERIAL 





Write for our booklets on Insulation, ¥ NY 
post free on application. 
THE 10CO RUBBER & WATERPROOFING CO.. LTD. 
NETHERTON WORKS - ANNIESLAND GLASGOW IN VA 
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A 5-CYLINDER 625 B.H.P. ENGLISH ELECTRIC DIESEL ENGINE USINC 
GERM" LUBRICATING OIL 


‘‘GERM” oils are the only lubricating oils made 

on the Wells-Southcombe process for increasing 

‘‘ OILINESS.” 

@ They resist oxidation and ensure freedom 
from sludge. 

@ There are grades of ‘‘Germ” oil for every 
lubrication job. 

@ Made in England and in daily use in over 60 
countries. 


GERM LUBRICANTS LIMITED 


City-Gate House, London, E.C.2. Works : SALFORD, 3, Lancs. 
Telephones : LONDON, National 900! (4 lines) MANCHESTER, Blackfriars 4273 & 4274. 
Telegrams: MAXOILI, LONDON. MAXOILI, MANCHESTER. 
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TYPICAL 


APPLICATIONS 


ELECTRO-PLATING 


FIELD EXCITATION OF A.C. 
MACHINERY 


BROADCASTER & TRANS- 
MITTER POWER SUPPLY 


CABLE TESTING 


ELECTRIC VEHICLE 
BATTERY CHARGING 


ELECTROSTATIC PRECIPI- 
TATION 


X-RAY & CATHODE RAY 
TUBE POWER SUPPLY 


CATHODIC SPUTTERING 


OPERATION OF OIL 
CIRCUIT BREAKERS 


CINEMA ARC RECTIFIERS 


These are but a few of the 
applications to which Westing- 
house Metal Rectifiers may be 
put. Full descriptive literature 
is available from Dept. E.E.J. 
Write today. 


<b) [WESTINGHOUSE] @) 
METAL RECTIFIERS 


WESTINGHOUSE BRAKE & SIGNAL CO., LTD. 


82, York Road, King’s Cross, London, N.1. 
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AMONG THE FISHES 


and 
AMONG THE BIRDS 
Bolton’s products find varied 
company. 


Some of their copper wire for 
instance finds its way into sub- 
marine cables which spend their 
days among the fishes of the sea- 
floor.* As a contrast, they make 
aeroplane parts. which are des- 
tined to see service in the air—the 
realm of the birds.} 


But however varied their com- 
pany may be, and however diverse 
their applications, Bolton pro- 
ducts have one thing in common 
—the Bolton quality, an excel- 
lence which comes from long 
experience, specialised equipment 


and capable personnel. 


*Copper wire for the first successful 
cross-Channel cable (laid in 1857) was 
supplied by Bolton’s. 


+ Bolton’s made many important compo- 
nents for the ‘‘Bristol’’ aeroplane in 
which a world’s altitude record of nearly 
50,000 feet was established in 1936. 


COPPER—BRASS—-BRONZE 


ESTABLISHED 1763 
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London Office : 
168 REGENT ST. 
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MERSEY COPPER 
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STERLING INSULATING VARNISHES were first manu- 
factured in 1891 by the late James Todd, in conjunction 
with the late George Westinghouse. 





They have been pre-eminent ever since, and are in use 
by the leading manufacturers throughout the world. 


STERLING PAINTS & ENAMELS for all industrial 


purposes are being widely adopted, and carry the same 
guarantee as STERLING INSULATING VARNISHES. 


THE STERLING VARNISH COMPANY, LIMITED, 
Fraser Road, Trafford Park, 
Manchester 17. 


Telephone: Trafford Park 2231. 
Telegrams : ‘‘Dielectric’’ Manchester. 


















“GASKOID” Jointing is 
permanently Oil and Petrol 
resisting, The material is tough 
yet suppleand is used extensively 
on very important jobs. Write 
for Free Trial sample. 





“TRANSOYL” is ‘’ Gaskoid "’ 
Oil and Petrol Jointing faced 





GOLDEN with fine quality Cork. Used 
“WALKERITE” is extensively on Transformers and 
recognised as the’ ‘King’ similar applications where the 
“KROMYDE” is a high of H.P. Steam Jointings bolt holes are some distance apart 


grade lubricated leather packing 
for service in oil at low tem- 
perature and pressure. 











JAMES WALKER & CO., LTD.—— 
“LION” WORKS «+ WOKING - SURREY | 


WRITE FOR CATALOGUE H.6, PHONE, WOKING 1040 GRAMS, LIONCELLE 
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A REPRESENTATIVE SELECTION OF POPULAR MODELS 


Patentees and Sole Manufacturers: 


Kk. N. MASON & SONS, LIMITED 
PHOTO PRINTING EQUIPMENT SPECIALISTS 
ARCLIGHT WORKS - COLCHESTER - ENGLAND 
LONDON — BIRMINGHAM — MANCHESTER — NEWCASTLE-ON-TYNE 
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comes 

from intinite 
technical care 
—and 
experience 


TANWOY T TUNINICLIFE PORCELAN 


7 Tunnicliff & Co. Ltd., 110 Cannon St., London, E,C.4, Factories at Hanley, Stone & Longton, Staffs. 
iT 


TYPICAL _APPLICATIONS 





Tel. : Mansion House 7211-2 & Hanley 5272-4. 
















(Pure Asbestos Fibre) 


INSULATED WIRES 


» 

COILS WOUND WITH 
“ LEWBESTOS ” 
CONDUCTORS 

DO NOT BURN OUT 


WHEN SUBJECTED TO 
HIGH TEMPERATURES 


Our booklet on Modern Armature 
Winding gives practical and technical 
information. SEND FORITNOW! 


THE LONDON ELECTRIC WIRE COMPANY AND SMITHS, LIMITED 
‘phone: Leytonstone 3636 (10 lines). CHURCH ROAD, LEYTON, LONDON, E.10. 


Traction Motors 


Coal Cutters 





"grams : “‘ Lewcos, London.” 
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ENSURES EASY STARTING OF 
MOTOR AGAINST FULL LOAD 
WITH MINIMUM CURRENT 


For starting up all classes of machines 
with large inertia to overcome 
a Broadbent Clutch is often absolutely 
necessary 


Let us send a copy of our Catalogue 


THOMAS BROADBENT & SONS LTD. 


Telephone: 


1581. (4 lines) HUDDERSFIELD 
HUDDERSFIELD 




















CENTRIFUGAL CLUTCH 
COMBINED WiTh PINION 
ORIVING BACK GEAR. 
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IN THE RIVER DERWENT 





The illustration shows cable from the 
Derby Power Station being floated into 
position, supported by barrels and using 
the natural flow of the river to carry 


the cable along, prior to being sunk in 
the river. 33kV. 


The cable is a °3 sq. in., 3-core, RIVER 


33,000-volt H-type with shaped con- 
ductors. 


Two cables are laid in lengths of 344 C A 3 L = S 


and 352 yards respectively. 





We specialise in the manufacture, and laying, 
of long lengths of underwater power cables. 


SIEMENS BROTHERS & CO., LTD. 
WOOLWICH, LONDON, S.E.18. 
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Queen’s House from Lincoln’s Inn Fields. 


All rights of republication, including translation of articles, are reserved, 
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EDITORIAL. 


The Institution of Mechanical Engin- 
eers is this year holding its Summer 
Meeting in the Midlands, and during the 
course of the meeting the members will 
visit our Rugby Works, where our steam 
turbines, turbines and 


water diesel 


engines are manufactured. 

In the circumstances we consider it 
appropriate to devote this issue of the 
Journal to our Rugby products, not in 
the form of articles descriptive of those 
products, but of articles dealing with 
certain new developments and experi- 
mental work. We hope that these will 
be found to be of more than usual interest 
to all our readers. 

First we give in abstract a paper read 
recently by Mr. P. W. Seewer, the Com- 
pany’s Chief Hydraulic Engineer, before 
the 


the Willans Premium of the Institution 


Institution which obtained for him 


granted for the best paper dealing with 
the utilisation of energy during the years 
1931 to 1936. 

The Author points out that in order to 


secure a share of the world’s output of 
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hydro-electric machinery it was necessary 
for British manufacturers to create new 
features of design affording real advan- 
tages to prospective users. These new 
features form the main subject of the 
paper. The Company is the only British 
manufacturer of complete water turbine 
sets, comprising both turbine and electric 
generator, and, further, it is, we believe, 
the only Company that has a Hydraulic 
Test Station of its type in the country. 


The remainder of the Journal is 
devoted to an article by Mr. J. P. 
Chittenden, the Chief Engineer and 


Manager of our Steam Turbine Depart- 


ment, which gives a review of work 


carried out by the Research Section of 
The 


Author, after referring to pioneer work 


the Steam Turbine Department. 
that has been carried out by the Rugby 


Works, proceeds to deal with the ex- 


perimental turbine used in the develop- 
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ment of new designs, together with the 
problems it has been possible to investi- 
gate by its use. He further deals with 


research on mechanical stability and 
vibration problems, and gives many illus- 
that he has 


trations of experiments 


carried out. 


Space has not permitted the inclusion 
of an article dealing with diesel engines 
manufactured at Rugby. These have 
frequently been referred to in previous 
issues of the Journal, and it must here 
suffice to mention that the Works have 
been making these engines for over thirty 
years, that they vary in size from 150 
B.H.P. to over 3000 B.H.P. and 
last year the Company built an engine, 


of the Fullagar type, of 3,500 B.H.P., 


that 


which is the largest diesel engine manu- 
factured in Great Britain for industrial 


purps¢ ses. 


d Good a 
493 fe 


type Diesel Engines and Alternators at the Droitwich Station 
of the British Broadcasting Corporation, 
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Recent Developments in Hydro-Flectric Engineering 
with Special Reference to British Practice. 


Abstract of a paper read before the Institution of Mechanical Engineers, 
London, 18th December, 1936. 


By P. W. SEEWER, D.E., M.Inst.C.E, M.l.Mech.E., Chief Engineer, Hydraulic Department. 


INTRODUCTION. 


Nearly twenty years ago our Company decided 
to extent its activities into the field of hydro- 
electric engineering. Our Works had, prior to 
this, designed and manufactured numerous water 
turbine driven generators, together with trans- 
formers, switchgear, and other electrical equip- 
ment appertaining to hydro-electric plants, and 
in 1920 it was realised that the inclusion of water 
turbines, together with other allied hydraulic 
equipment, 
undertake 


would enable 
the 


plant on a comprehensive basis, and that this 


our Company to 


manufacture of hydro-electric 
would be a desirable and fitting field for British 
industry. 

In order to build up a sound business in hydro- 
electric plant, it was necessary : 

(a) To 


hydro-electric units in our own Works, so 


design and manufacture complete 
as to secure the great advantages of com- 


bined manufacture of turbine and gene- 
rator, which are integral parts of one and 
the same whole. 

(b) To possess a staff competent to deal with 
comprehensive hydro-electric schemes, and 

new 

that 


the 


capable of devising and introducing 
features of design and manufacture 
afford 


prospective user. 


would real advantages to 
(c) To install equipment for testing our own 
water turbines, valves, and other hydraulic 
accessories, in addition to the equipment 


for testing electrical plant that we already 
possessed. 

(d) To maintain the tradition of high-class 
workmanship and reliability enjoyed by 
British machinery. 

The Company accordingly established an active 
Water Turbine Department, and a Hydraulic 
Testing Station, and the result has been that, to 
the present date, the Company has designed and 
manufactured 


hydro-electric plant of 


hundred thousand horse-power capacity. 


many 


We give on the following pages an abstract of a 
paper read before the Institution of Mechanical 
Engineers by Mr. P. W. Seewer, Chief Hydraulic 
this paper 
described several special features of design and 


Engineer of the Company. In are 
construction, which can be briefly summarised 
as follows : 
(1) Automatic aerofoil type permanent water 
flow recorder. 
(2) Automatic governor actuator and mecha- 
nical drive. 
(3) Cylindrical balanced valve and discharge 
regulator. 
(4) Hydro brake. 
(5) Impulse wheel jet diffuser type governing 
system. 
(6) Impulse wheel bucket fastening. 
(7) Experimental and research plant with test 
results. 
(8) General 


features in British practice. 


design and special mechanical 





EXTENT OF WATER Power. 
No systematic and exhaustive survey of the 
water power at the disposal of man has yet been 
The 


geological and hydrographic surveys, however, 


attempted. calculations of a 
give a practical idea of the water power available 
over the whole world, as compared with that 
The 


figures in Table 1 can be taken as the power 


actually utilized up to the present time. 


available at ordinary minimum flow and the 


considerable margin due to storage which is 
possible in a large percentage of catchment areas 
is omitted altogether. The figures are, therefore, 
conservative. 

The total available energy will be 
be about 500,000,000 h.p., without, of course, 


including any contribution derived from tidal 


seen to 


pow er. 


TABLE |, AVAILABLE WATER POWER. 





Utilized 
energy, 
per cent. 


Utilized 
energy, 


h.p. 


Probable 
energy dis- 
posable, h.p. 


33.7 
26.0 


58,000,000 
127,000,000 


19,500,000 
33,000,000 | 


Europe ca 
America (all) 
North and Central 
America | 73,000,000 | 30,000,000 | 
Asia ee ... ¢ 90,000,000 | 5,400,000 | 
Australia | 17,000,000 850,000 | 
Africa 190,000,000 380,000 | 








Plate I gives a fair idea of the situation and 
distribution of water power over the whole world. 


The extent of utilization of water power in the 


British Empire is, apart from the Dominion of 
Canada, as yet very small compared with countries 
such as Sweden, Switzerland, Italy, Germany, and 
France, where cheap water power is depended 
upon as a factor of first importance in the national 
economy. The importance of water power within 
the British Empire was recognised by the British 
Parliamentary Water Power Committee, which 
submitted the following conclusions :— 

(1) The potential water power in the Empire 
amounts in the aggregate to at least 
60,000,000 to 70,000,000 h.p. 

Much of this is capable of sound economic 
development. (It may be added that 
about 20 per cent. of these schemes only 
could be classified as ‘‘ high-pressure ” 


number of 
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schemes with 800-6,000 feet 
‘* medium-pressure ” 
schemes with 150-700 feet head ; about 
20 per cent. as ‘‘ low-pressure ”’ 
150 feet and the 


remainder as low-head schemes, which 


head ; 
40 per cent. as 
schemes 


with about head ; 


are the least economic and _ require 
extensive machinery and buildings for 
comparatively small powers.) 
Except in Canada and New Zealand, and 
to a lesser extent in New South Wales 
and Tasmania, no systematic estimate 
has yet been made by any Government 
Department to ascertain the true 
resources of its territories. 
The development of the Empire’s natural 
resources is inseparably connected with 
that of its water powers. 

To illustrate the importance of the utilization 
of water power, a diagram is given in Fig. 1, 
prepared by the Dominion Water Power and 
Hydrometric Bureau of Canada, showing the 
growth of hydraulic developments in Canada from 


1900 to 1936. 

In order to secure a reasonable share of the 
world’s output of hydro-electric machinery, it was 
necessary for British engineers to create features 
in design and manufacture affording real advan- 


Fig. 1.—Chart of water power development in Canada, 
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tages, both technical and economic, to the 
5 

prospective user. It is the purpose of the 
paper to describe briefly some of the more 
important of these features which have met 
with approval, especially amongst water 
power engineers of considerable experience. 
rT 
The 


high specific speeds for both reaction and 


main requirements were simplicity, 
impulse wheels, exact and automatic regu- 
lation for the turbines proper, and reliable 
control apparatus such as governors, valves, 
and discharge regulators. 


AUTOMATIC AEROFOIL FLOW RECORDER. 


Hydro-electric power plants involve 


large financial investment and_ therefore 
demand accurate knowledge of all operating 
factors, and continuous supervision by 

means of records of power input and output. 

Electrical metering and recording instruments 
capable of a high degree of 
The 
tinuous recording of the rate of flow of 
the field, 


still a most difficult problem. Exact 


accuracy are 


available. exact measurement and _ con- 


large 
however, is 


quantities of water in 


and con- 


tinuous flow recording is of paramount importance 


for the maintenance of high efficiencies, and for 
the control of storage reservoirs and concessional 
water quantities, including irrigation flow. As 
the output, head, speed, and other hydraulic con- 
ditions are continuously changing in service, it is 
desirable to install apparatus capable of recording 
accurately the quantities of water discharged in a 
permanent manner, and independent of all the 
other variables. 

The well-known methods of water measurement 
by Pitot 
(Professor 


Venturi meter, salt 


Allen), friction loss calibration, time- 


tube, velocity 
pressure (Gibson), differential pressure recording 
by piezometers on the intake vortex, or by weir 
calibration, while mostly capable of yielding 


accurate and consistent records indicating the 
momentary rate of flow, are mostly unsuitable or 
quite impracticable for continuous flow recording. 
Venturi tubes for plants of medium or low heads 
having pipes of large diameter extending some- 
times to 20 or even 30 feet, are cumbersome and 


expensive, impose appreciable pressure losses, and 


Fig. 2. 


Nectional arrangement of Automatic Aerofoil 


Flow Recorder. 


the 
In common with Pitot tubes, they are 


influence detrimentally regulating con- 
ditions. 
subject to clogging by dead leaves, sand, and 
other detritus carried in considerable quantities 
the 


orthodox methods of water flow recording afford 


by many rivers. Furthermore, none of 
any appreciable power which can be used reliably 
for the operation of bypass valves or other control 
devices. 

These considerations led to the development of 
the aerofoil type of permanent water flow recorder 
shown in section in Fig. 2 and illustrated in 
Fig. 3. 


that a suitably designed aerofoil in a stream of air 


Aeronautical principles have established 


sustains forces, notably an uplift, which are direct 
functions of the shape of the aerofoil and the 
angle of incidence. Fig. 4 shows a characteristic 
aerofoil curve, in the form of a polar diagram 
giving the uplift and resisting forces, the moments 
established in relation to the front edge, and the 
angles of incidence. It was also established by 
theory and experiment that an aerofoil immersed 
in flowing water, for instance inside a closed pipe, 
and mounted so as to be capable of rotation, was 
highly sensitive to changes in the velocity of flow 
and would take up a definite position for any par- 
ticular velocity. The torsional moments exerted 
by the flowing water are balanced by a simple 
coil spring and the aerofoil is mounted in two 














Fig. 3. 


Automatic Aerofoil Flow Recorder. 


rustless steel ball races permanently working in 
grease, while an extension of the pivoting shaft 
operates the flow indicator, recording apparatus 
and any control devices. The aerofoil can be used 
for the operation and adjustment of relief valves 
or other discharge apparatus in order to establish 
a permanent or variable flow according to require- 
ments. This is especially useful in cases where, 
as for irrigation purposes or for superimposed 
plants along a river, an exactly predetermined 
flow must be kept to and guaranteed, independent 
of the momentary load, which, however, must be 
adjustable according to the constantly varying 


requirements. 


The aerofoil is a very simple and 
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robust apparatus which is independent of the 
pressure prevailing in the pipe or duct and is free 
from disturbing influences due to impurities con- 
the 
between the flow as measured by a weir and as 


tained in water. There is no discrepancy 
indicated by the aerofoil meter, except below 
10 per cent. of maximum flow, where the degree of 
inaccuracy of the latter is of the order of $ per 
cent. Fig. 5 shows the operating characteristics 
of an aerofoil flow meter in relation to a calibrated 


weir. For convenience the experimental results 


were 


superimposed on a mathematically deter- 





Fig. 4 Polar Diagram of Aerofoil. 
C, . 100; C _ x 100; C, wy 100 
4X uF) KF 
q=4pv?; p=y/g=specific mass of fluid; g=gravitation 
constant; y=specific weight of fluid; F—area of areo- 
foil width x length; A=lift perpendicular to flow ; 


W =drag in direction of flow; R=resultant of W and A; 
M =momentum of resultant R around inlet edge. 
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mined calibration curve for the weir.* Fig.6 gives the speed, load, and pressure variations. Upon 


an example of a recording chart obtained in the 
field, and Fig. 7 a curve of moments, which shows 
the instrument The 
aerofoil is free from vibration in service and no 


how powerful van be. 
measurable detrimental influence whatever on the 


efficiency of the turbines can be detected. 


THE AUTOMATIC GOVERNOR-ACTUATOR AND 
MECHANICAL DRIVE. 
The automatic governor-actuator can aptly be 


called the brain of the whole plant, as it controls 


* Tests conducted and witnessed 
of Shipping. 


by Lloyd's Register 


it depends the safety and uninterrupted service 
of the plant. 
maximum safety under all conditions of service ; 


A governor-actuator must ensure : 


high sensitiveness with freedom from vibration 
and ‘“‘ hunting ’’ ; compactness and freedom from 
wear, that is, lost motion, and it must be fool- 
proof; easy accessibility, sturdiness, and sim- 
plicity of every part ; and standardization so as 
to be adaptable to every kind of service, and every 


’ 


size of plant. The “ English Electric * automatic 
governor-actuator shown in section in Fig. 8 is 


made up of three main parts : 


(1) 


The centrifugal device or governor head. 
g u 
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flyweights are counter- 
balanced. The centrifugal 


device contains neither ful- 
crum pins nor knife-edges, 
and its relay piston moves 
axially while rotating and 
while completely immersed in 
oil. The flyweight cams 
regulate the position of the 
relay piston by controlling a 
thin oil film at the nozzles. 
The device contains no parts 





subject to wear and _ is 
extremely sensitive. It rotates 
Fig. 6.—Aerofoil Recorder Chart taken at the Glenlee Power Station of the 


d in two ball races which have no 
Galloway Water Power Company. 


influence on its sensitiveness. 


(2) The actuator gear, with which 
is combined the double-acting 
return motion gear or com- 
pensating device. 

(3) The oil pressure relay and 
main steering valve through 
which the oil pressure is 
distributed to the servo- 
motor. 

The governor also comprises a 
number of accessory parts which 
permit synchronization through speed 
adjustment by hand and remote con- 
trol, several safety devices in case 
of oil pressure or drive failure, the 
necessary starting and _ stopping 
devices, both hand-operated and 
automatic, and a dial tachometer. 

The centrifugal device is of the 
hydraulic type and comprises two 
compensated flyweights in cam form, 
which control the differential pressure 
on one side of an oil pressure relay by 
regulating the oil discharge through 
two nozzles connected with this differ- 
ential pressure chamber, the piston of 
which revolves with the flyweights. 
The latter are suspended by two 
springs and linked together by two 





coil springs by which the centrifugal 
forces developed in rotation by the 


Fig. 7.—Flow Momentum Chart. 
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Fig. 8. 


The actuator gear and compensating device are 
concentrated on one single pivoting lever, which 
has a treble movement as follows. It transmits 
the movement of the rotating pendulum pin to 
the operating valve under- 
neath by pivoting, thus caus- 
ing the relay of the main 
operating or steering valve to 
move in accordance with the 
A small arm on the 
which the 
actuator bridge is in continu- 


speed. 
sleeve supports 
ous contact with the hydraulic 
return motion or compensat- 
ing device connected with the 
servo-motor. The latter neu- 
tralizes the steering 
after the initial 
movement by 

inclined 


valve 

operating 
means of 
compensating rails 
the 
bridge, this being the second- 
The 


also 


mounted on actuator 
ary pivoting movement. 
compensating rails are 
pivotally adjustable so that 
the temporary 
damping can be adjusted to 
suit any plant conditions. The 


statism or 


Automatic Governor Actuator. 


third and translatory movement is imparted to 
the actuator bridge by the second and mechanical 
return motion device by means of a cam and 
roller, which brings about the permanent speed 





Fig. 9.—Model of Section of Governor Pendulum, 
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A flexible mechanical governor 
drive, Fig. 12, has been adopted 
by the English Electric Company 
as standard on all important sets. 
It permits of direct mechanical 
drive with its attendant relia- 
bility and yet embodies the 
necessary elasticity to eliminate 
vibration and the detrimental 
effect of temperature changes. 
It consists of a spur and bevel- 
gear drive connecting the gov- 
ernor head to the turbine shaft 
by a shaft into which a flexible 
and oval-slotted stainless steel 
plate is inserted. The latter 
provides the required combin- 
ation of rigidity and flexibility. 
The gear drive operates entirely 





in an oil bath, the oil being 
a ae EE ee a Ey constantly renewed by the oiling 
system of the bearings. Fig. 13 
variation or permanent statism of the governor. shows some typical tachogram curves of the 
This is adjustable by hand by a simple cam in ‘‘ English Electric ’’ governor which are very 
continuous contact with a roller on the actuator consistent. 

bridge mounting. It will be remarked that all CyLiInpRICAL BALANCED VALVE AND DISCHARGE 
contacts always bear in the same direction so that REGULATOR. 

no lost motion can develop without immediately The design and manufacture of comprehensive 
being compensated. This is important for the hydro-electric plants showed the necessity of 
elimination of ‘ hunting.” 

The return motion or com- 
pensating device is of the 
hydraulic type and operates by 
means of a compensated and 
spring-loaded neutralized dash- 
pot connected by pipes with the 
servo-motor piston. It cannot 
develop lost motion and _ its 
operation is asymptotic in both 
the closing and opening direc- 
tions. It makes it possible to 
operate the turbine with the 
same regularity and steadiness 
for any degree of statism down 
to zero when there is no differ- 





ence in speed between full load 


Fig. 11.—Pendulum operating characteristic obtained by means of Electric 
: Speed Adjustment, Micrometer measurements, and Dial Tachometer 
regulation). control. 


and no. load_ (‘ isodrom ” 
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designing stop valves and relief valves, that is, 
discharge regulators of the Company’s own type 
which could be embodied conveniently with their 
governors and safety gears and could be relied 
upon to operate safely under the most exacting 
conditions. 


Discharge regulators 


must ensure rapid and 
smooth 


closing and opening combined with 
absolute safety and freedom from water hammer. 
The valve, as illustrated in section by Figs. 14, 
15 and 16, consists of a cylindrical hollow piston 


gliding continuously on stainless steel strips on 














Fig. 11- 


pos ition. 





Fig. 15.—Diagrammatic section of Cylindrical Balanced 


position. 


The valve 


piston ends in a head which moves axially inside 


an inner body provided with ribs.* 


the servo-motor, operated with filtered water 
under pressure. The radial and axial pressures on 


the piston are evenly distributed and _ self- 
balancing. The valves operate either auto- 


matically or by hand and remote control, by 
admitting the water pressure on either side of 


* See “The Engineer,” 1927, vol. 144, p. 418; also 
* Engineering,” 1928, vol. 125, p. 771; vol. 126, p. 190; 
and 1934, vol. 138, p. 640. 


Diagrammatic section of Cylindrical Balanced Valve in open 
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the The 
piston closes circularly against a 
neck ring embodied in the inner 
stationary body, which forms a 


servo-motor. valve 


streamlined smooth annular 
water passage with the outer 
body when the valve is in its 
open position. The balanced 


principle in design renders the 
valve inherently free from slam 
shutting and opening, thus ob- 
viating dangerous water hammer. 
The design so far described would 
result in opening and closing at 
In to 
reduce the operating times and 


constant speed. order 
make the latter adjustable, with- 
out increasing. the pressure rise 
the 


requirement 


in pipe line, a desirable 
all 


emergency, a simple device in 


for vases of 
the form of a control diaphragm, 
Fig. 17, is fitted rigidly to the 
valve piston and travels with it. 
This travelling diaphragm is in 
the form of a threaded rod with 
pitch depth of 
thread, working within a hollow 


variable and 
cylindrical chamber so that the 
pressure water encounters on its 
passage into the servo-motor a 
flowing resistance which increases 
It is 
thus possible, in a simple manner, 


with the degree of closure. 


to obtain an asymptotic closing 


Valve 


in closed . 
and opening movement, as shown 


by curves in Fig. 18, so that the 
valve can be made to operate rapidly over its full 
stroke and nevertheless close and open very 
gently, thus obviating pressure rise. This also 
completely obviates the necessity of a bypass for 
priming. 

Experience has shown that the valve is drop- 
tight in service and that due to the streamlined 
design the friction losses are negligibly small. 
The valve embodies also a dismantling ring, thus 
rendering a special telescoping joint for dis- 


mantling unnecessary. This circular valve can 
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Fig. 16.—Section of Cylindrical Balanced Valve showing streamlining. 
conveniently be arranged underneath the power discharge for both small and large strokes. The 


station floor, so saving valuable floor space round 
the machine. It is free from wear and vibration. 

Used in the opposite direction of flow, the valve 
becomes a relief valve or discharge regulator, 
Figs. 19 and 20.* 
conveniently to the purpose of guiding 


It lends itself very 


synchronism with the turbine and governor, both 
quantitatively and in time, is very simple and 
being with a 


permits of the plant operated 


minimum pressure rise in the penstock. 


|| {| PRESSURE FROM 
i ! } CONTROL VALVE 





the water in a straight path from the 
turbine casing to the tailrace. By 
dispersing the water in a hollow cone, 
which quickly loses its energy, no 


CYLINDRICAL PISTON 







a 

















harm is done to the tailrace, its 
foundations or other surroundings. 


The design of the valve lends itself 
conveniently to automatic operation 


VALVE COMMENCING TO CLOSE 





in connection with the governor and 
turbine gears. It 
cylindrical nozzle for any 


forms a _ correct 


degree of 














_— 


SLEEVE 








opening and thus produces a smooth 


* See “The Engineer,” 1931, vol. 152, p. 
218 ; also“ Engineering,” 1934, vol. 138, p. 640. 





VALVE NEARLY CLOSED 


Fig. 17.—Travelling Control Diaphragm. 









THE ENGLISH ELECTRIC JOURNAL 

















































































































Apart from the use of the valve as a relief or 
bypass on the turbine proper, it is also in use as 
a discharge regulator on the dams of reservoirs, 
where it can conveniently be arranged for hand 
operation or for remote control.* Figs. 21 and 22 
show a characteristic example of 


its use in this case. me 


is very slow, so that large sets 
TIME STROKE Cueyes . 
eee ee wee ee LOCHABER often take from 15 minutes to 1 
12' » 8 DA: Wve FRO TESTS +6» 3 VAY) : 
NETT HEAD 120 CYLINDRICAL BALANCED VALVES NETT HEAD 800 hour to come to rest. Mechanical 
v0 t-——}_ brakes can be made, but they 
q . as eel are cumbersome and expensive ; 
140 \ -F —_— . 
\ a they always develop considerable 
\ war OPENING MOVEMENT ¥ ‘ 
120} < heat and sometimes even cause 
\ a . 
Bas N ea sparks with dangerous conse- 
a . 
z , | } quences. Mechanical brakes are 
\ 4 
3 x generally not allowed to be 
a ee a ° > 
6 ——— —— thrown into action at any speed 
60 = . ‘ 
/ ad ee ae because of the danger of causing 
/ —_— ° 
a Ons SS Tricine movewent excessive wear and heat. In 
/ ice ———— ae . 
20h, ~~. — case of an actual runaway the 
wr-7, a on r . . . 
—, 28 efficacy of the usual mechanical 
/ 8 9 é > is are > ery : 
ae Yo % Yo %o % ey, Io Y . ae brake i the refore very prob 
HOSED . — lematic. Ifthe mechanical brake 
ALOUETTE STROKE OF PISTON = 3-9 % ss . r 
LOCHABE® STROKE OF PISTON= 1. 434° is in daily, or almost daily, use 
for the routine stopping of the 
Fig. 18.—Asymptotic opening and closing time characteristics, 


set as a safeguard for the bear- 
ings, the brake lining and drums 
require relatively frequent renewal, causing 
interruption of service and increasing mainten- 
ance costs. On machines with horizontal shafts 
the adoption of mechanical brakes is especially 
undesirable as they lengthen the distance either 



























The desirability of a reliable d 
brake, with which the generating 
set can be brought to rest rapidly 
and safely without producing any 
heat or danger to the machine 
or operating staff, is fully appre- 
ciated. It is by no means 
necessary solely in a case of 
emergency, for it is well known 
that journal and thrust bearings 
especially suffer most if subjected 
to slow running down of the 
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rotating element. Now the 
deceleration of turbine sets, 
embodying, as in most cases, 
very considerable moving masses, 


p. 681. 





* See “* Engineering,” 1933, vol. 136, Fig. 19.—Diagrammatic section of streamlined Cylindrical Balanced 








Relief Valve. 
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Fig. 20. 


between bearings or between turbine and_ bear- 


ings, thus adding to the cost by necessitating 
increased shaft diameters. 

These considerations led to the development of 
the hydraulic brake, by means of which reaction 
turbine sets up to the largest sizes, both of 
the horizontal and vert- 
ical shaft types, can be 
safely brought to rest in 
record time regardless of 
the size of the moving 
masses or the speed, and 
of 
The prin- 
ciple of hydraulic brak- 


without production 


heat or wear. 
ing by means of jets 
impinging on the runner 
wheels of impulse tur- 


bines in the opposite 
direction to the rotation 
is well known. The 


application of hydraulic 
braking was somewhat 
more difficult in the case 


of reaction type turbines. 


Fig. 21. 


Shop assembly of Cylindrical Balanced Relief 


Spreading discharge 


165 


A similar device to the single braking 
jet impinging on the back of impulse 
wheel buckets was, of course, of no use, 
and it was necessary to create a powerful 
circular braking vortex impinging on the 
back of the 
certain angle without interfering with the 
normal operation or the balance of the 


runner wheel blades at a 


runner or its strength. The arrangement 
Reaction 


turbines of any size can be brought to 


is illustrated in Figs. 25 and 26. 


rest within two or three minutes without 


any inconvenience by simply utilizing 
some pressure water from the penstock. 
The 


can be made automatic by hand or by 
remote control. 


operation of the hydraulic brake 


It requires no additional 
space and simply utilizes the runner 
wheels as brake drums. Fig. 28 shows 
for an 8,000 h.p. 
turbine with and without hydraulic brake 


deceleration curves 


Valve. in action. 
THE ImMpuLsSE WHEEL JET DISPERSER 
GOVERNING DEVICE. 

The usual systems of governing turbines of the 
impulse or Pelton type are by nozzle and bypass 
In the first 
system, the nozzle, which forms the working jet, 


valve, or by nozzle and deflector. 





of a Diffusing Discharge Regulator. 
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Fig. 























Fig. 22. Discharge Regulator in operation on Fig. 24,—Horizontal shaft arrangement of Hylro-Brake. 
Mahinerangi Dam, N.Z. : 


is rapidly closed and a bypass or 
discharge regulator simultaneous- 
ly opened so as to avoid excessive 
water hammer in the pipes by 
compensating the water cut off 
from the turbine. To obtain 
reasonably close governing, con- 
siderable operating forces must 
be set in action, requiring in 
turn cumbersome mechanisms. 
The size of the governor must be 
adapted in each case according 
to the head and water quantity 
prevailing in the plant. The 
rapid handling of large jets is 
always difficult and risky since 





the momentum of quantities of 


moving water is very great. In Fig. 25.—Nozzle piece for Hydro-Brake for Reaction Turbine. 
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Fig. 26.—Brake Nozzle Piece assembled on Reaction Turbine. 


sie . 





Fig. 27.—Hydro-Brake (on right-hand side of illustration) adapted to Impulse Turbine. 
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“hunting,” because the primary or deflector 
| system must be made to act on any given 


size of jet without lost motion. It is the 





DECELERATION CURVES 
WITH & WITHOUT HYDRAULIC BRAKE 
DATE of TEST 201-28 











WITHOUT BRAKE 
4 





[WITH BRAKE 








| English Electric Company’s practice to 


provide combined nozzle and_ deflector 
governing systems on plants which do not 
require particularly close governing, such as 
the 


Fig. 29. 


Lochaber turbine shown in section in 


In most high-pressure plants, however, 
the governing system must provide very 


close governing in case of a drop in load 





] ®Paesestevweessw® % Pa) 


TIME_liv_ MINUTES 
Fig. 28.—Diagram of Brake Action. 
medium-and low-pressure plants, where combined 
bypass governing is resorted to, the pipes can 
generally be designed to withstand an abnormally 
increased pressure rise in case of failure of the 
relief or bypass valve. In high-pressure plants, 
however, the provision of pipes of greater thick- 
ness to increase the safety factor is generally 
fraught with considerable difficulties, both tech- 
nical and economic. For this reason the bypass 


system of governing is inadvisable for high- 
pressure plants, quite apart from the fact that 
the results, in spite of the large and expensive 


mechanisms required, are by no means perfect. 


COMBINED DOUBLE-ACTING 
NOZZLE AND 
GOVERNING 


DEFLECTOR 
DEVICE. 

This circumvents the necessity 
of practically slam-shutting the 


nozzle in case of a drop in load, F ‘ 


but for close governing it also 


requires very considerable forces Ls 


to deal rapidly with the large 
The 


size of the governor must in this 


quantities and high heads. 


case also be adapted to the parti- 
cular plant and, in addition, an 


automatic and quite intricate 4 
relationship must exist between | 
the size of the jet for each load i 
and the position of the deflector. ; 


This is vital in order to avoid 


Fig. 29. 





TIME COUNTED FROM 
SPEED LEAVING 375 F 





ved 
10,000 h.p. Double-Nozzle Impulse 


and yet be simple in operation, whilst 
ensuring absence of wear and maximum 
safety under all conditions of service. Efforts 
were therefore made to devise a governing 
system requiring very small forces for its opera- 
tion, thus permitting of a universal governor for 
The 


well-known conical nozzle and needle are carefully 


all impulse wheels up to the largest sizes. 


designed for the formation of a compact cylin- 
drical jet so as to ensure maximum efficiency. 
The size of the jet is regulated in the usual way 
by means of a needle or spear moving axially 
inside the nozzle, see Figs. 31 and 32. It was 
observed that even slightly conical or ‘* broomy ” 
jets rapidly diminished the efficiency of the jet 
and turbine. This phenomenon was used in the 


invention of the diffuser governing system.* This 


* « Engineering,” 1927, vol. 123, p. 317. 
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Fig. 30.—The Lochaber Hydro- Electric Power Station of the North British Aluminium Company, containing five 
10,000 H.P. Water Turbines driving D.C. generators having an aggregate output of 100,000 amperes 
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Fig. 31. 
load. 





Fig. 32. 


consists in dispersing or diffusing the jet by means 
of a number of slightly slanting and streamlined 
guide vanes surrounding the needle, which, when 
protruding from the needle, as when governing, 
This 


initial vortex is enormously enhanced by the 


impart a slight rotary motion to the jet. 


transformation of the potential energy into kinetic 
energy which takes place inside the nozzle, with 
the result that the jet outside the nozzle is rapidly 
and completely broken up into a hollow cone, 
whereby the energy imparted to the runner wheel 
is very rapidly destroyed. In normal operation 
the diffuser plates are permanently withdrawn 
inside the needle, thus permitting the formation 


of an efficient cylindrical jet. The initial vortex 


Fig. 33.—Jet operating under normal 


conditions. 


Needle Shaft and Diffusing Blades in normal position under 





Fig. 34. 


Jet with Diffuser in action. 


Needle Shaft with Diffuser in acting position. 


can be brought about by comparatively small 
forces even for turbines of the largest sizes and 
for very high pressures, and diffusion takes place 
almost instantaneously, resulting in very close 
governing. Figs. 33 and 34 show respectively a 
set operating under normal conditions and with 
the diffuser in action. 

This system of regulation has now been in con- 
tinuous commercial operation for many years and 
is giving consistently good results. No detri- 
mental influence on the pipe line pressure occurs 
during its operation, and no wear whatever takes 
place on the diffuser plates. In fact, there has 
never been occasion to renew or replace any 
diffusers. 
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Tachogram Curves of Governor with Jet Dispe rser. 
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Fig. 36. 


obtained on an 
Fig. 36 the 


operating characteristics of the governor. No 


Fig. 35 shows some results 


important installation, and shows 
special protection in turbine pits or tailraces is 
necessary because the energy of the diffused jet 
is largely destroyed when it reaches these points. 
Finally, 
the size of the jet and the position of the diffuser 
the 


always withdraws to the same position inside the 


no system of interdependence between 


is required, because diffuser, after action, 


needle flush with the latter, and is thus ready to 


act instantly on any size of jet without lost 


motion. 


IMPULSE WHEEL BUCKET FASTENING. 


ms 


The dynamic forces and stresses prevailing in 
impulse wheel buckets and their attachments 
present a problem which, apart from conditions 
the 


believes, unique in engineering practice. 


author 
A satis- 


encountered in ordnance work is, 





Operating characteristic of Jet Disperser Governina Device. 


bucket 


security under 


afford 


all conditions of service and ensure 


absolute 


factory fastening must 


perfect interchangeability and easy and rapid 
handling in the field. 

For the attainment of high efficiency and free- 
dom from wear it is necessary to design the form 
of the buckets by determining the relative paths 
of at least a number of the most important drops 
inside the rotating buckets. This is done by the 
judicious application of Coriolis’s theorem of 
relativity, and is corroborated by frequent tests 
in the field. 
large machines are often considerable. 

The attachment of the buckets to the wheels 


or discs must be designed and manufactured to 


The size and weight of buckets for 


withstand : 

(1) The alternating stresses due to the jet 
impact. 

(2) The 


runaway speeds. 


centrifugal forces at normal and 
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Fig. 37.—Determination of Relative Paths in Impulse Wheel Bucket. 


(3) The stresses set up by the application of 
the full jet with the wheel at rest (short 
circuit). 

An example will best illustrate the method of 
design. For a wheel developing 15,000 h.p., for 
instance, and running at 375 r.p.m. under 1,650 
feet head, each bucket sustains a thrust from the 
jet amounting to 27.5 tons 6.25 times per second, 
or 540,000 times per day. Fig. 37 shows how 
relative paths are determined, and it will be seen 
that each particle of water traverses the bucket 
in about ; 9 second. The thrust of the jet, 
therefore, is decidedly in the nature of a blow. 
Each bucket, after passing through the jet, is 
completely emptied again so that the resultant 
forces alternate continuously and very rapidly. 
In addition, there are the centrifugal forces set 
up concurrently by the rotation. It will thus be 
realised that the demand on the attachment is 
very severe and it is not surprising that numerous 
bucket attachments by several cylindrical and 
also conical bolts, rivets, or even dovetailed edges, 


have proved inadequate, resulting in dislocation 
and rupture with disastrous consequences. 

the 
English Electric Company* consists of one bolt 
only for each bucket, made up of a bush in nickel- 
chromium steel, cylindrical outside and conical 
inside, which is_ split 


The system of attachment adopted by 


over its whole length. 
A conical bolt, also of nickel-chromium steel, is 
introduced into the bush, and is provided on 
either side with a fine thread, nuts, and locking 
washers. The holes in the bucket and the disc are 
diameter. This 


facilitates manufacture and enables the attach- 


cylindrical and of identical 
ments to be completely finished in the shops so 
that the buckets become strictly interchangeable, 
chiefly because each has only one hole. On intro- 
ducing the conical bolt into the split bush after 
assembling the bucket with the disc, the split bush 
expands, and is caused by the cone to bear against 
the cylindrical holes in the disc and bucket with 
a tightening force considerably superior to any 


* See “ Engineering,” 1928, vol. 125, p. 747. 
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force the jet can exert on the bucket. No disloca- 
tion or weakening of the attachment can there- 
fore take place, and in practice no bucket attach- 
ment of this type has ever shown any dislocation 
or similar trouble. Every alternate bucket is 
made to bear against a part protruding from the 
disc and cast integral with the latter by two strong 
transverse (axial) keys, each of which is separately 
locked. The conical side or taper is arranged 
between the two keys so that each bucket presents 
parallel facings only, thus again ensuring perfect 
interchangeability. The method of attachment 
is illustrated in Figs. 38 and 39. 
Dismantling is easy and expeditious 
as the keys can be separately with- 
drawn as for an ordinary wheel and 
shaft the bucket 
can be by simply with- 
drawing the conical bolt from the split 
bush by means of its threaded end 
and nut. 


attachment, while 


slackened 


No reamering is necessary 
on site and thus prolonged stoppage 
of the plant is obviated in case of 
replacements. 


EXPERIMENTAL AND RESEARCH 
PLANTS. 
In every hydro-electric scheme 
nature imposes peculiar conditions of 
pressure, output, quantity, and local 
setting. Hydro-electric engineering is 
thus to a large extent pioneer work, 
and it is often necessary to resort to 
extensive experimental and research 
work in the 
results. The English Electric Company 


order to achieve best 
has thus been led to establish its own 
industrial test plant, which is, as far 
as the the first and 
only one in the British Isles, apart from 


author knows, 


Osc 


the experimental laboratories in tech- 
nical schools, the purpose of which is 
chiefly educational. 

This plant, which is illustrated by 
the photographs and sectional draw- 
ings reproduced in Figs. 44 to 49 


inclusive, enables extensive tests on 


Fig. 39. 


model turbines and their accessories 


Fig. 


PROJECTIONS 


173 


to be made. It is established within the factory 


area so that research can be out in 


constant contact with the design and manufac- 


carried 


turing staffs. 

By means of a test plant the efficiency of turbine 
runner wheels covering a wide range of specific 
speeds can be established without ambiguity. 
Such a plant enables the correct form of spiral 
casings, distributing apparatus, and draught tubes 
to be determined. It can also furnish valuable 
information on axial thrusts, cavitation, runaway 
other 


speeds, and 


hydrodynamic 


phenomena 





Wheel Buckets, 


38.—Method of attachment of Impulse 
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Sectional view showing method of attachment of Impulse 


Wheel Buckets. 
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and the concurrent determination of 
the properties of the materials em- 
ployed ; runaway tests, and tests of 
the static and dynamic balance of 
runner wheels, flywheels, and other 
important rotating elements. 

The original plan to utilize the 
water level difference of an existing 
river was dropped in order to enable 
the tests to be made independently of 
fluctuations in quantity and head, 
often considerable in any _ river. 
Consistent and reliable tests under 
steady conditions can only be obtained 
by means of pumped water and tanks 
which allow of exact adjustment of 
quantity and pressure. This also 
made it possible to install the experi- 
mental plant within the works. The 
water circulation plant consists of a 
vertical-shaft axial-flow pump directly 
coupled to a_ vertical-shaft 130 h.p. 
electric motor permitting variable 





speed. The pump can deliver a max- 
Fig. 40.—15,000 h.p. Impulse Runner in course of erection. imum of about 1.2 tons of water per 
second against a head of 20 feet. The 


which it is very difficult, if 
not impossible, to establish 
theoretically with sufficient 
accuracy. It is possible to 
establish the deceleration 
characteristic resulting from 
the application of hydraulic 
brakes as compared with the 
unbraked deceleration, and to 
determine the quantity of 
water required for a_ given 
braking effect. The charac- 
teristic of the aerofoil type of 
flow recorder can likewise be 
exactly determined. 

The work also includes a 
thorough testing of all govern- 
ors and their safety devices, 
valves, discharge regulators, 





oil pressure plants, and meas- 
uring instruments; the test- 


. , Fig. 41.—9,600—10,000 h.p. Impulse Turbine Runner and Shaft for Lochaber, 
ing of pressure-bearing parts, Scotland. 
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Fig. 42.—30,000 h.p. Impulse Turbine, Twin Runner and Alternator Rotor for Bhira, India, 
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Fig. 43.—18,000 h.p. Impulse Turbine, Twin Runner and Alternator Rotor for Jordan River, B.C. 
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Fig. 44.—Elevation of Hy lro-Test Station, Rugby. Fig. 45.—Elevation of Hydro-Test Station, Rugby. 
Calibrated Weir. Spiral cased Reaction Turbine and Test Brake. 





Fig. 46. 


Test Station with Gauging Levels and Instruments. 
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description, hydraulic brakes, 
shutters, ete. 


rete 
| The turbine shown in Figs. 
4 : = 44 to 49 is of the vertical-shaft 
ia b= ] 1 tak type, but horizontal-shaft tur- 
Ll bines can also be adapted and 
=| ew | tested. The tailrace is arranged 


somer 


’ 























Fig. 47. 
quantity and head utilized by any turbine under 
test can be adjusted by means of the speed of the 
pump, in conjunction with a head tank provided 
with an overflow weir, into which the water is 
delivered by the pump. A very steady level of 
water in the head tank is secured by means of a 
number of streamlined flat wood- 

en plates reaching from top to 

bottom of the tank at intervals 
of about 1 inch. 
conducted to the spiral casing 
turbine to be tested 


and by 


means of a pipe and bend and 


aT 


reaches the tailrace through a 


The water is oo nae 





Elevation of Hy lro-Test Station, Rugby. 


as a gauging tank and is pro- 


vided with a calibrated rect- 


angular contraction weir by 
which the water returns to the 
at the of the 


building where the circulation 


sump bottom 


pump operates. The vertical- 
turbine shaft rotates in two 
ball bearings and is suspended 
in a thrust bearing of the ball 
race type. 

The power developed by the 
test turbine is absorbed by a 
mechanical and compensated 
brake of the Prony 
type provided with three equi- 


friction 


distant pivoting brake shoes 
with Ferodo linings bearing against a fabricated 
circular drum constantly cooled by water from 
the inside. The torque is measured by adjustable 
counterweights attached to a cable connected 
with the arm of the brake. It is thus possible 
to determine the power delivered by the turbine 





suction pipe and bend, easily 
accessible and interchangeable, to 
forms of suction 


All 


of spiral casings can be tested 


enable various 


bends to be tested. forms 


and the layout can be adapted 
for testing various forms of guide 
and distributing apparatus, run- 


ner wheels of every form and Fig. 


1S. 








Elevation of Hydro-Test Station, Rugby. 
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Fig. 49.—Plan of Hydro-Test Station, Rugby. 


under any conditions of load, head, and speed, 
with considerable precision. The effective head 
is measured by float indicators in head and tail 
tanks and the various losses in bends, spirals, and 
all other vital parts are measured by piezometers. 
The speed is measured both by a permanent and a 
belt-driven dial tachometer and is controlled 
during tests by a hand tachograph. 


Sample test results obtained with this plant are 
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Fig. 50. Test Result on Reaction Turbine. 











THE ENGLISH ELECTRIC JOURNAL 


Si. 


especially the 


shown in Figs. 50 and 
The tests 


efficiency 


made, 
tests, have always 
shown excellent agreement with 
the from the 
full-size the field. 
It is, necessary to 
apply correcting factors to take 
effect. The 


money invested in the test plants 


results obtained 
machines in 
however, 
into account scale 
has been amply justified by the 
invaluable aid it has afforded in 
forms and 


devising improved 


elements of turbines and their 


accessories. 


GENERAL DESIGN SPECIAL 
MECHANICAL 


BRITISH 


AND 
FEATURES IN 
PRACTICE. 

One of the most pronounced 
features of British practice is the 
comprehensive way in which 
hydro-electric schemes are being developed. While 
the turbines, of course, as prime movers, primarily 
determine the type, speed, local setting, connec- 
tion, and operation of the generators, constant 
contact between the hydraulic and _ electrical 
engineers allows the machinery to be treated as a 
the 
careful consideration is given to the adoption of 
both the 


whole ‘hydro-electric set.” From start 


output, type, and speed suitable to 
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Fig. 52.—One of the 15,500 h.p. Generating Units in the Tongland Power Station of the Galloway Water Power 
Company. 





Fig. 53.—Two 4,000 h.p. Generating Units in Stonebyres Power Station of the Lanarkshire Hydro- Electric Power 
Company. 





Fig. 54. 
for Kendoon Power Station. 


the 
Adequate factors of safety are aimed at for all 


hydraulic and electrical parts of plant. 
parts of the running machinery under both normal 
and abnormal operating conditions, including 
At this stage the 


flywheel effects which it is possible and safe to 


overspeed and short-circuit. 


embody in the sets to ensure satisfactory regu- 


lating conditions are determined, taking into 
account the conditions imposed by the momentum 


of the moving water both in the pipe line and 


tunnel. Great care is taken to create permanently 


rigid settings for the machinery, and to ensure 
their perfect alignment, connection, and accessi- 


bility. It is then possible to prepare compact 


Sectional elevation of one of the 15,000 h.p. Generating Units 
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designs occupying minimum floor space, 
and the cost of the power house can be 
reduced, and control and safety gears can 
be made simple and reliable. 
Comprehensive treatment also includes 
the other components of the plant. Thus 
control gears, feeder piping, stop valves, 
air ducts, discharge canals, cable trenches, 
like 


standby sets, interconnecting plant, crane, 


auxiliary machinery exciter and 


etc., can be evolved so as to combine 
economy with ease of supervision, hand- 
Sufficient 


mantling space is carefully considered in 


ling, and maintenance. dis- 
relation to access roads, crane height, and 
capacity. Continuous collaboration with 
the electrical designers allows the switch- 
boards, transformers, cable trenches, and 
other electrical gear to be arranged in 
such a way as to avoid interference with 
any other service. 

The arrangement and size of penstock 
and distributing pipes and their influence 
on governing are carefully investigated. 
The power 
blocks, 
joints are designed in the light of all 


house foundations, anchor 


pipe supports, and expansion 
normal and abnormal conditions obtain- 
ing in service. Seismic loading, altitude, 
and climatic conditions and their influence 
on the aeration and cooling of generators 
and bearings are also taken into account. 
Chemical and physical analyses of the 
the basis for the choice of 
the 
vital 


water form 
the material for 


apparatus, 


runners, distributing 
Such 


design 


and other parts. com- 


prehensive treatment, both in and 


manufacture, makes possible the adequate design 
semi-automatic 


of completely automatic and 


plants and their controls. 


BLocK AND STEP DESIGN OF POWER 


House. 


THE 


Except in certain cases where horizontal-shaft 
machines are preferred for reasons of local setting, 
existing foundations, or a special type of service, 
as, for example, the operation of large direct- 
current generators, the single-runner vertical-shaft 
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Fig. 56.—Interior of Tongland Power Station. 
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Fig. 57.—The Tongland Power Station of the Galloway Water Power Company, containing three 15,500 h.p. 


Water Turbine Driven Alternators. 
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type of reaction turbine and generator has been 
developed. This type of turbine ensures sim- 
plicity, sturdiness, economy of space and superior 
hydraulic conditions. The casing can be com- 
pletely embedded in the concrete foundations, 
thus ensuring great rigidity and freedom from 
vibration. Hence the vertical-shaft type is given 
preference practically everywhere for machines of 
large output and size. The orthodox type of 
vertical-shaft plant involves, however, the follow- 
ing drawbacks. It is far more inaccessible than 
the horizontal-shaft plant. The usual design of 
vertical-shaft power house involves two or more 
floors, rendering dismantling, supervision, and 
maintenance awkward. ‘ Important parts like 
pumping plant, governors, and servo-motors must 
be arranged on different floors, often at a con- 
siderable distance from the parts they are destined 
to control, such as distributing apparatus, relief 
valves, and Substantial inter- 
connecting gears are therefore necessary in order 
to obviate lost motion and subsequent ‘‘ hunting,” 


stop valves. 


the servo-motors must be embedded in the con- 
crete, where they are inaccessible and difficult to 
maintain. A further objection is the difficulty of 
maintaining perfect alignment and rigid connec- 
tions between the hydraulic and electrical machi- 
nery when they are arranged on separate and 
independent floors, because of the temperature 
differences and constantly varying axial loads. 
To overcome these drawbacks a permanent and 
absolutely rigid connection between the turbine 
and generator was evolved, consisting of a steel 
barrel which is in reality nothing else than an 
extended generator bedplate. This barrel is per- 
manently connected at the bottom to the turbine 
speed ring and is strongly embedded and anchored 
into a concrete pedestal surrounding the turbine. 
It rises from the power house floor, with which it 
is strongly interlaced, and is provided with three 
or more large access ducts traversing both pedestal 
and barrel. Through these ducts the turbine can 
be conveniently and rapidly visited for inspection 
from the single power house floor. In this way it 
is also possible to arrange the governor, servo- 
motor, and complete control mechanism in the 
immediate the 


The barrel transmits 


neighbourhood of distributing 


apparatus and relief valve. 
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and Generator 


Turbing 


Shaft Couplings. 


the weight of the generator through the cast steel 
speed ring of the turbine to the foundations under- 
neath, and also takes up the short-circuit torque, 
The 
ducts also allow the governor drive to be arranged 
in the most direct way. 


which is a multiple of the normal torque. 


The cylindrical balanced 
stop and relief valves can conveniently be placed 
underneath the power house floor and their design 
greatly simplifies the foundations. All important 
parts are rendered easily accessible from the 
single power house floor and by the same crane. 
The oil pumping plant is also arranged on the 
same floor and in the immediate neighbourhood 
of the The 
always be combined directly with the servo- 


governor. governor actuator can 


motor underneath, that is, it can be of standard 
type. The inside of the turbine casing and runner 
is accessible through ducts and manholes from the 
same single power house floor. 


THE COUPLING. 
Perfect rigidity, concentricity, and alignment, 
combined with ease of manufacture, erection, dis- 
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Fig 60. 
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mantling, and interchangeability in the field, are 
desiderata in the design of a coupling to serve 
for the assembly of a turbine runner and shaft 
and of turbine and generator shafts. The usual 
multiple bolt type of coupling involving a number 
of cylindrical, or even conical, bolts was aban- 
doned because of the considerable difficulty of 
manufacturing strictly interchangeable spare parts 
which would permit of expeditious replacement in 
the field without reamering. It is, indeed, prac- 
tically impossible to repeat a series of, say, ten or 
twelve holes, which in respect of both diameter 
and pitch circle will correspond exactly, the more 
so as the necessary centring spigot must be made 
to fit simultaneously with a tolerance of not more 


than 1/1,000 inch or preferably less. Conical and 


cylindrical shaft and runner assemblies often 
render dismantling, after prolonged service, 


extremely difficult and can lead to prolonged 
stoppage in case of replacement. 

In order to obviate these difficulties a coupling 
has been designed, as a standard product, made 
up of a number of studs or bolts separately and 
jointly locked, which are arranged within holes 
in the coupling and allow considerable clearance. 





- 


r 


Spiral Casing in shops 
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Fig. 61.—Spiral Casing and Generator Support Assembly. 








Fig. 62.—Turbine Top Cover Assembly. 
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Fig. 63.—Draft Tube Assembly. 
The torque is no longer transmitted by the bolts, 
but by one single, amply designed, diametrical 
key, traversed and kept in position by two of the 
bolts, and made to jig to fit the coupling halves 
with a slight interference fit. This jig contains 
an exact centring, fitting each coupling so that 
the relative positions between centre spigot and 
keyways are made to correspond exactly. The 
number of elements which have to be 
made to fit exactly is thus reduced to 
two instead of a multiple of this num- 
ber. This type of coupling, which is 
illustrated in Fig. 58, is easy to manu- 
handle, and _ obviates 


facture and 


reamering in the field. 
THE DEVELOPMENT OF WELDED 
STRUCTURES. 
The necessity of reducing both time 
of delivery and weight has led to the 
welded 


development of composite 


structures on a considerable scale. 


Not 


turbine main covers, 


only pipes, but spiral casings, 


valves, bearing 
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housings, draught tubes, 
barrels, rotors, and even 


runner wheels are now 
fabricated by electric 
welding with carefully 
selected electrodes and 
welding plant. Experi- 


ence has shown that most 
of these fabricated struc- 
tures are not only lighter 
and cheaper, but much 
better than many cast- 
ings, inasmuch as_ they 
are free from blowholes, 
cracks, and other defects 
always to be expected, 
especially in complicated 
steel castings. The con- 


siderable progress made 
in this field can best be 
illustrated by 


of the 


examples 
most important 


pieces, most of which 
have been in continuous and successful operation 


for a considerable time. 


SPIRAL CASING. 


The correct logarithmic form for an intake 
vortex is made up in lobster-back shape, which is 
obtained by butt-welding the composite parts 


joining the gradually diminishing sections, and 





Fig. 64. 


Relief 


Valve on test at works. 
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double lap-welding on to the speed ring 
or centre portion which surrounds the 
guide apparatus. The longitudinal joints, 
tail ends, and manhole joints, which are 
to the are 
reinforced by multiple lap- or stitch- 


exposed greatest stresses, 
welding, which is in reality not absolutely 
indispensable, but is an additional safety 
factor for these and 


joints greatly 


increases their strength. The inside of 
the spiral casing is smooth and is on 
that account alone superior to the riveted 
or lap-welded casing as it presents a min- 
imum of resistance and disturbance to the 
flowing water forming the intake vortex. 
There has been no case of failure under 
pressure or distortion in service with this 
type of casing. 

Immediately above the spiral casing 
be in Fig. 61 the barrel 
generator support. This barrel 
entirely welded and while remarkably 


can seen or 


is also 
light is of considerable strength. It is made in 
for 
passages or ducts for inspection. 


several sections transport and contains 


The turbine cover also formerly presented diffi- 


culties in manufacture, both of the pattern and of 


faultless castings. It is made up of top and 
bottom covers between which twenty-four or more 
different compartments must be made to corre- 
spond exactly with the equal divisions of the 
It can 
now be made comparatively easily and rapidly by 


guide apparatus of the distributing gear. 
welding. Such a cover (Fig. 62) presents an 
almost perfect homogeneity apart from being 
much lighter than a steel casting. 

The fabrication by welding of draught tubes is 
a problem which has much in common with the 
fabrication of spiral casings. The correct tran- 
sition from the circular to the parabolic exit form 
at the bottom is of considerable importance in 
effecting a smooth and efficient transformation 
of the kinetic energy contained in the flowing 


water as it leaves the runner, into negative 
pressure. Welding enables the draught tube to be 


made perfectly smooth inside and assists the 
correct and expeditious building of the founda- 
tions (see Fig. 63). 
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Governor Oil Pressure Pumping Sets and Receivers. 
The relief and bypass valves lend themselves 
admirably to fabrication by welding. The entire 
outer body, dismantling ring, and discharge hood 
are welded. The valve piston is of phosphor- 
bronze and glides on stainless steel strips on the 
inner body. This relief valve, illustrated in Fig. 
64, discharges up to 30 tons of water per second 
under 150 feet pressure and is much stronger and 
more homogeneous than a cast valve. The control 
and operating piping is connected to it by means 
of adequately reinforced double lap-welded joints. 
The success obtained so far with welding is due 
to careful design, continuous tests of the strength 
and homogeneity of the welds, and minute super- 
vision and control of the welding material and the 


welders. 


STAINLESS STEEL PROTECTIVE WELDING. 
Great care is taken to avoid the danger of 
cavitation by a judicious choice of specific speeds 
The con- 
tinuous increase of the specific speed of hydraulic 
turbines with a view to reducing first costs, how- 


and static and dynamic suction heads. 


ever, coupled with the unavoidable deviation 
from the correct angle of the runner blades at 


part load, and change of pressure, make it 
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Fig. 66. 


the danger of 


cavitation which is so disastrous to both the life 


imperative to provide against 


and efficiency of the runner wheels and turbines. 
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Fig. 67.—Showing stainless steel protection of Propeller Wheel. 
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WELDED STAINLESS STEEL PROTECTION 


Turbine Runner showing stainless steel protection. 


The continuous increase of pressure utilized in 
both reaction and propeller wheels causes the 


leave the runner canals 
under far more severe conditions 
than those prevailing a few years 
ago. Cavitation is by no means 
restricted to water turbines run- 
ning under certain exacting con- 
ditions, but is also in evidence in 
the case of ship propellers. 
Protective measures must in- 
clude the most careful design of 
the turbine runner blading and 
the choice of the best possible 
material. It has been found 
that 


specially created for service in 


“ turbadium bronze, 
ship propellers, as well as certain 


brands of stainless steel, show 
excellent cavitation-resisting pro- 
Unfortunately the price 


of these alloys is extremely high 


perties. 
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and the production of sound castings, both in 
‘“‘turbadium”’ bronze and stainless steel, is attended 
with difficulties. | Runner 
wheels work under considerable stresses and the 


very considerable 
risk of casting defects would be a serious con- 
sideration. Complete wheels of these alloys 
would, however, be unnecessarily extravagant 
because only a small portion of the wheel, the 
position of which is well known from hydro- 
dynamic consideration and lies at the outer and 
lower part of the blading, needs protection 
against cavitation. 

The first solution of the problem, therefore, 
consists in providing the critical region of the 
blading with a protective layer of stainless stee 
applied by welding on to the cast steel basis metal 
after careful preparation of the latter (Fig. 66). 
With careful handling no modification of the pro- 
perties of the stainless steel takes place and wheels 
treated in this way have shown neither cavitation 
nor other defect. 

The second solution is to cast the runner with 
blades of restricted length and to add tail ends 
of appropriate length and shape in forged stain- 
less steel so that the whole critical region is pro- 
tected. 
stainless steel portions is electrically welded after 


The junction between the cast and 


preparation and finally ground and_ polished. 
Figs. 67 and 68 illustrate this method of protec- 
tion. It has the same effect as the stainless steel 
coating though it is somewhat more expensive, 
but it avoids the large amount of grinding and 


polishing necessary with the first method. 


CONCLUSION. 


In this paper the author has given a brief 


summary of the extent and importance of hydro- 
electric engineering and the progress, trend and 
The 


purpose and application of a number of charac- 


lines of development of British practice. 


teristic features for hydro-electric plant which the 
Company has successfully developed have been 
described. 

It emphasises that hydro-electric engineering 
in this country is progressive and that it merits 

















Fig. 68.—One 
Carsfad and 


of four 8,500 h.p. 


Propeller 
Earlstoun Power Stations of the 
Water Power ¢ ‘ompany. 


Wheels for 
Galloway 


the attention and confidence of all those who are 
interested in the development of the vast water- 
power resources available in all parts of the 
world. 

In previous issues of this Journal descriptions 
have appeared of hydro-electric plant manu- 


factured by the Company, and the success- 
ful operation of these plants over many years 
that the 


British engineers and electric power companies 


is convincing proof confidence of 


in the Company's hydro-electric products is well 
founded. 
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Steam Turbine Research at Rugby Works. 


By J. P. CHITTENDEN, M.I.Mech.E., A.M.I.E.E., Chief Engineer and Manager, 


Turbine Department. 


INTRODUCTION. 


The Rugby Works of the English Electric 
Company were founded in 1897 by Willans & 
Robinson, when expanding trade necessitated 
larger and more centralised premises for this 
historic firm than were provided by their works 
at Thames Ditton. 


To the majority of steam engineers throughout 
the world the name of Peter Willans is familiar 
as one of the pioneers of steam engineering, and 
certainly as the first serious investigator into the 
systematic analysis of steam consumption trials. 
His name is perpetuated to the engineering world 
by the “ Willans Line;’’ first propounded in his 
classic paper on “Steam Engine Trials,” read 
before the Institution of Civil Engineers just prior 
to his death in 1893. 

To his name may be coupled that of Captain 
H. Riall Sankey, a director of the original firm, 
who assisted in, and later continued, the work of 
Peter Willans. 


realise the value of, and to apply in a practical 


Captain Sankey was the first to 


manner to problems of steam engineering design, 
the entropy chart introduced by Macfarlane Gray, 
and later he further extended the value of this 
chart by the addition of the superheat lines. 


Among other members of the Company who 


continued this work mention should be made of 


E. G. Izod, who was for some time Chief Engineer 


of the Rugby Works and was the originator of 


the impact testing machine which bears his name. 

The spirit of research and original creation 
fostered by our pioneer founders has continued 
as an essential factor in the life of these works, 
and since the days of the Willans Central Valve 
Engine, which earned world-wide repute, many 
notable contributions to engineering achievement 


have left the Rugby Works as an outcome of this 
policy. To quote a few of the more outstanding 
examples, it may be mentioned that the first 
experimental Benson boiler, generating steam at 
the critical pressure (3,250 lbs. per square inch) 
was erected at the Rugby Works of the English 
Electric Company. This was the first occasion 
on which steam was generated at the critical 
pressure on a commercial scale beyond pre- 
vious very small scale laboratory experiments. 
In connection with this super-pressure boiler an 
experimental turbine was built to operate at 
a steam pressure of 1,500 lbs. per square inch, 
from which much valuable data was established 
on the design and construction of turbine details 
for higher pressures and temperatures during the 
two years that the plant was run for experimental 


investigation. 

Following this work to its practical realisation, 
the ‘“‘ English Electric’ high-pressure installa- 
tion at the Valley Road Power Station of the 
This 


plant operates at a boiler pressure of 1,100 lbs. 


Bradford Corporation can be instanced. 


per square inch, and was until comparatively 
recently the highest pressure installation in the 
country. 

As a result of this, in 1927 the attention of the 
industry was drawn to the advantages of higher 
steam pressures and temperatures in a paper* 
read before the Institution of Electrical Engineers 
by A. H. Law and the author, and pioneer work 
in this direction by the English Electric Company 
established in this country the practicability of 
their application. 

A direct outcome of the application of higher 


* « Higher Steam Pressures and Their Application to the 
Steam Turbine’’—see I.B.E. Journal Vol. 66, No. 373. 
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Fig. 1. 


Steam Turbine 


initial steam pressures and temperatures is the 


superposed back pressure turbine applied to 
existing plant as a means of improving the 


The 


increasing use which is being made of this prin- 


thermal efficiency of low-pressure plant. 


ciple and the interest which is being shown in it 
by engineers in this country and abroad is added 
testimony to the Company’s policy in carrying 
out its investigation and research on the beha- 
viour and operation of steam turbines at high 
pressures and temperatures. 

On parallel lines the Company has taken the 
initiative in the development of large capacity 
turbines running at 3,000 r.p.m. Probably one 
of the earliest 3,000 r.p.m. turbines to be built 
was a 375 kW. machine manufactured by the 
Company in 1906, which is still in commercial 
service to-day. As experience was gained outputs 
were gradually increased, and in 1915 the Com- 
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Experimental and Test Shop. 


pany took the lead with a 5,000 kW. machine. 
Further improvements in design made possible 
continued advancement in outputs, and in 1921 
the Company again came to the fore in building 
what was for a time the largest single-cylinder 
3,000 r.p.m. turbine—a 15,600 kW. machine for 
This machine is still in 
service, and has generated a total of 341,411,760 
units to date. 


Bolton Corporation. 


Following this, even still larger 
outputs were made possible by the introduction 
of their multi-cylinder design and the first 
30,000 kW. turbine to be built in this country 
was supplied by the English Electric Company 
for the West Ham Corporation Electricity Depart- 
ment. At the present time the Company’s Rugby 
Works are engaged in the production of two 
40,000 kW. 3,000 r.p.m. machines, which are the 
largest to be supplied for operation in this country 
at this speed. 
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Achievement in the extraordinary in itself, 
however, is not necessarily a mark of integrity, 
neither does it hold much serious interest for the 
average engineer whose requirements lie in the 
direction of standardised construction and reliable 
operation, but it is well to remember that such 
achievement can come only as the dircet result 
of very careful attention to the seemingly minor 
problems associated with plant of more conven- 
tional design. 


For the investigation of such problems, the 
Company’s Rugby Works are well equipped for 


the routine testing of materials to the final 
steaming test of turbines up to 50,000 kW. 


capacity, and for experimental and research work 
on the many components going to make up a 
machine. 

Fig. 1 shows a general view of the turbine 
experimental and test shop in which are carried 
out routine tests on specimen bars of material 
destined for blading, and on test pieces from 
rotor forgings, castings, etc. This department 
is also equipped for testing and setting governors, 
each of which is individually tested over its full 
working range before being fitted to its turbine. 

In addition to these tests, which are essentially 
of a routine nature, special tests of a searching 
character are made when introducing any new 


features in design, or when the complexity of 


factors involved renders mathematical treatment 


difficult. 


For example, before using a new blade 


form, a new type of root fixing, or a blade of 


exceptional length, tests are carried out on speci- 
mens of the new design to investigate efficiency 
of steam flow, mechanical strength under repro- 
duced conditions of centrifugal force, natural 
period of vibration, strength under combined 
centrifugal force and bending loads, and, in the 
case of separately mounted discs, vibration tests 
are carried out on a completely bladed dise to 
ascertain the natural periods of vibration and so 
ensure that these periods of vibration are suffi- 
ciently far removed from the running speed for 
safe operation. 

Similarly, any problems arising out of the 


dealt with 
analytically, and in such instances much valuable 


running of machines on site are 
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work is done in the chemical and metallurgical 
laboratories at Rugby Works. Such problems as 
the metallurgical examination of forgings during 
machining processes and photomicrography of 
materials, water analysis as bearing on condenser 
tube corrosion, feed water analysis, oil tests, etc., 
all come within the scope of the equipment and 
staff of the the 
Turbine Department. 


Research Section of Steam 


STEAM RESEARCH. 


A considerable amount of attention has been 
directed during recent years to the study of 
flow, both liquid and gaseous, and the results of 
many investigators tend always to show that 
the problem is by no means a simple one and that 
the prediction of results is fraught with many 
pitfalls even with the assistance of the results of 
scale experiments. The familiar difficulties asso- 
ciated with air and water flow are present in the 
case of steam, with the added complication that 
experimental observation is hampered by the 
Various 
the 
obstacles to experimental investigation, but even 


inconvenience of high temperatures. 


means have been devised to surmount 
so the application of experimental results to 
practical design cannot be reduced to a problem 


of simple substitution. 


It is unavoidable, therefore, that the turbine 
designer is thrown back to the final full scale 
turbine for the ultimate proof of his design. 
Experiments on such a scale, however, are costly, 
and radical alterations to the steam path are 
therefore introduced with caution and by a pro- 
cess of elimination on scale experiments gradually 
approaching the full-size machine. 

The general procedure when investigating pro- 
posed modifications is to build up a representative 
model of the detail in question suitable for experi- 
mental examination, and submit this to a detailed 
analysis under conditions as closely approxi- 
mating normal operating conditions as possible. 
When this has been developed to the limit the 
newly designed detail is applied to a small experi- 
mental turbine kept expressly for this purpose. 
If necessary, variations of the design are tested 
in this machine under identical conditions and 
the the results obtained. 


best is selected from 
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If the anticipated improvement is realised, the 
design is applied to the full-scale machine and 
the investigation is followed up to finality by 
taking exhaustive centring round the 
newly introduced detail under actual full load 
operating conditions. 


tests 


Fig. 2 shows the experimental turbine used in 
the development of new designs. This machine 
is so constructed that it can be readily adapted 
to take new diaphragms or rotor dises for such 
trials, and from a study of the pressure and tem- 
perature distribution through the stages, and 
from the results of steam consumption tests, 
which can be carried out-up to a flow of 30,000 
to 40,000 lbs. per hour, the effect of small changes 
can be accurately deduced. 

The turbine is designed to carry four or more 
stages of expansion, either of the impulse or 
reaction type, and exhausts into a surface con- 


























ie — 


, 


Fig. 2. 
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denser from which the condensate is led to weigh 
When it 


reproduce back pressure conditions at the turbine, 


tanks for measurement. is desired to 
the exhaust steam can be throttled by means of 
a valve provided in the steam line between 
this This 
pressure operation 


condenser for 
back 


while at the same time retaining the accuracy 


turbine and purpose. 


arrangement permits 
of the method of measuring the steam flow by 
weighing the condensate. 

It will be appreciated that at the present state 
of steam turbine design, where efficiencies closely 
approach the theoretical maximum, any further 
noticeable improvement can be realised only by 
an accumulation of small gains at different points 
in the machine. Therefore, it is important, when 
the 
measurements 
With this object 


conducting experimental tests of nature 


described, that the accuracy of 


should be of a very high order. 





Experimental Turbine for development tests. 
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in view, the design of the experimental turbine 


~ 


is as simple as possible, all external loads such 
as the oil pump and governor are eliminated from 
the turbine itself, and the only losses are those 
due to windage and bearing friction. The whole 
of the available power is measured by a water 
brake coupled to the turbine shaft. 


Among the problems which have been inves- 
tigated along these lines are, for instance, the 
design of blade 
chamfer on steam efflux angle, effect of blade 
width, shaft 
leakage, questions affecting blade lap and clear- 


sections, influence of nozzle 


design of glands for minimum 
ances, steam joints, water erosion of blading, 
a number of which are described in detail later 
in this article. 


In addition to the purely thermodynamic side 
of steam research work undertaken at the works, 
there follows as a natural consequence a certain 
work in 


amount of correlating the desirable 


optimum design with the nearest practicable 
approach as governed, by manufacturing possi- 
bilities. 
built-up steel nozzles by the English Electric 
Company some few years ago was designed to 
overcome the shortcomings in the region of high 
pressures and temperatures of the more usual 
construction of cast iron diaphragms having steel 
nozzle plates cast into the rim. With the growing 
tendency towards high temperatures cast iron 
became no longer suitable, and similarly as 
pressures rose and consequently the steam den- 
sity, the smaller cross section of the steam path 
which resulted made the efficiency of flow very 
sensitive to small inaccuracies and irregularities 
in the passages. The built-up nozzle eliminated 
these disadvantages by enabling the use of steel 
throughout and also, by virtue of the fact that 
the boundary faces of the nozzles are machined 
over their whole area, a high degree of accuracy 
in the resulting passages is obtained. 


still 
retained for use in the lower pressure stages where 


The cast-in type of nozzle is, however, 


the volume of steam is large and the effect of small 
surface inaccuracies is therefore of little account. 
The precise effect of these small variations is, 
however, known, and by keeping them within 


As an example, the introduction of 
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given limits, investigation has proved that they 
are of no consequence in the final performance of 
diaphragms used within a certain range of con- 
ditions. 


For the detailed study of steam flow through 
blades or nozzles, exploratory tests through 
enlarged wooden sections may be carried out by 
using compressed air as a means of determining 
the flow distribution and ensuring the absence 
of eddies. 

Thus, 


duction of a new blade or nozzle form, the steam 


when conditions necessitate the intro- 
path may be explored in this manner and the 
section developed according to the findings. This 
section is then made the basis for the design of 
a blade suitable for manufacture, and a batch of 
blades to this design is tested in a blade-testing 
apparatus, which gives a relative indication of the 
blade efficiency as compared with a known stan- 
If this test shows that the 
designed improvement is being realised from the 


dard of reference. 


point of view of steam flow, a further test is 
carried out under actual operating conditions in 
the experimental turbine previously described, 
where a more exacting investigation can be made, 
than is provided by the static blade test. 


A similar procedure is adopted when inves- 
tigating the effects of other details, and in many 
cases comparative tests have been taken on full- 
size turbines operating under normal full load 
the evidence 
The following pages 


conditions in order to establish 
obtained experimentally. 
describe a few of the problems dealt with in this 
manner and give briefly an indication of the 


objects involved rather than attempting to 


describe in detail the methods employed. 


As has already been mentioned, investigation 
of the effects of blade lap, width and nozzle 
chamfer has been carried out. The object of 
blade lap is best described perhaps by means of 
Fig. 3. Due to the fact that a steam jet leaving 
a nozzle has a natural tendency to spread, it 
becomes necessary to provide an opening in the 
blade receiving the steam, which is larger than the 
nozzle from the If the 
difference between the two openings, or lap, is 
too great, turbulence will occur in the boundary 


which steam issues. 
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“yf regions with consequent loss 
“Y) b of efficiency. A_ similar 
AS 








a situation arises in connec- 
tion with the flaring of 


blades to give the required 
blade exit area. If the blade 








width be made too narrow 





_¥ 
7 








the angle of flare will be 





steep, resulting in an abrupt 
change in direction of the 
steam path boundary, 
with a consequent turbulent 
The 


flow in this region. 





J, 


Fig. 3.—Section of Im- choice of blade width is 
pulse tage, illustrating governed also by other 


blade lap. 


considerations. The funda- 


mental function of turbine blading is _per- 
the fact that the 
blades change the direction of the steam passing 
them. If 
takes place abruptly, turbulence and eddying 
will the 
and thus it becomes necessary to select a blade 


formed by virtue of 


through this change of direction 


occur at expense of efficiency, 
width that will allow of the steam being turned 
through a_ sufficiently 
large radius to avoid 
undue disturbances in 
the flow. On the other 
hand, considerations of 
overall length, cost,etc., 
tend to limit the in- 
crease of blade widths, 
and the optimum value 
must therefore be sought 
by experiment. 
Another aspect of the 
steam path which has 
an important bearing 
on the efficiency of 
turbine operation is the 
influence of nozzle edge 
chamfer on the steam 


efflux 
degrees of 


angle. Various 
chamfer 
were tried and it 
that 
an appreciable chamfer 


was 


found not until 


was used was there Fig. 4. 
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any reasonable approach to uniformity in the jet 
angle. 

In order to ascertain the full significance of 
these effects, preliminary tests were carried out 
on the experimental turbine with different degrees 
of chamfer, and the best of these was used in 
comparative tests on two 1,000 kW. 3,000 r.p.m. 
turbines and repeated on a 5,000 kW. turbine of 
similar speed. These machines were first run 
with unchamfered nozzle discharge plates and 
later tested after the edges had been chamfered. 
These tests established conclusively that an appre- 
ciable improvement followed the use of chamfered 
discharge edges, and gave, too, a considerable 
amount of valuable information on the degree of 
chamfering necessary, together with the correct 
efflux angle to produce the best results. 

The accumulated effect of minor changes has 
to be considered in relation to the turbine as a 
whole to determine whether results justify the 
elaborations and to conclude what are possible 
have been 

For this 
purpose elaborate and searching tests are carried 


secondary effects which may not 


foreseen in considering the detail. 





16,000 kW. “ English Electric Turbine, equipped with special test apparatus. 
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Fig. 5. 
of a 12,500 kW. * English Electric” 


Special test apparatus on the low-pre ssure cylinder 


Turbine ° 


out on selected machines when running under 


load conditions. Such trials as are generally 
carried out on all turbines when completed yield 
useful information as to the overall performance 
of the machine, but their scope does not embrace 
the detailed analysis that is desired. A step-by- 
step investigation is required in order to ensure 
that improvements gained in one direction are 
not rendered nugatory by retrogressive steps or 
secondary effects in other directions. 
Fig. 4 16,000 kW. 


** English turbine* 


shows a two-cylinder 


Electric ”’ equipped with 
special test apparatus for the investigation of 
distribution turbine 


pressure throughout the 


stages. Owing to the small differences of pressure 
existing across many of the stages, particular 
attention had to be paid to the method of measure- 
Both 


the high-pressure and low-pressure cylinders of 


ment in order to secure accurate results. 


* See English Electric Journal, Octcher, 1928, Vol. IV. No. 5. 
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this machine were explored under varying con- 


ditions of load and steam conditions, and the 


experiment formed one of a series taken on 
several different turbines to establish the effect 
of a revision in blading design. 

Similar apparatus was used in another power 
station to investigate the effect of superheat or 
wetness as applied to the low-pressure turbine of 
a two-cylinder machine (see Fig. 5). In this case 
the double-flow low-pressure reaction turbine was 
disconnected from its high-pressure turbine and 
was supplied with steam through a reducing valve 
and desuperheater. The independent running of 
this part of the machine isolated from the usual 
governing gear, involved the arrangement of 
special safety devices for the control of steam to 
prevent over-speeding and for the electrical dis- 
of the 


busbars in the 


connection station 


The 


inclusion of a reducing valve and desuperheater 


alternator from the 
event of an emergency. 
permitted tests being taken at varying steam 
pressures and permitted control of the quality 
of the steam supplied to the turbine. 

These tests had as their object the investiga- 
tion of the effects of wetness at the low-pressure 
end of turbines, a factor which was of prime 
importance both as regards operating efficiency 
and life of the blading, as with increased initial 
pressures and higher efficiencies the degree of 
wetness increased to such an extent that it became 
imperative to mitigate the ravages of water in the 
last stages of steam turbines. <A considerable 
amount of data was obtained from these tests 
relating to the behaviour of steam through the 
low-pressure portion of the turbine at various 
inlet temperatures, together with degrees of wet- 
ness at the last stages, and, incidentally, data was 
also secured as to the value of interstage reheating. 

In considering the problem of water-cutting of 
blading, three methods of approach were adopted, 
viz., the influence of material, the degree of hard- 
ness of the inlet edge, and the abstraction of a 
portion of the water. 

The question of material was first thoroughly 
investigated, and numerous types of non-ferrous 
and ferrous alloys were tried ; finally, after tests 
extending over two years, it was conclusively 
proved that the composition of the material was 
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of little importance whereas the hardness of the 
water-stricken edge exercised a profound influence 
on the rate of erosion. 

The results of one of these tests is shown in 
Fig. 6. 


together with one blade having a hardened steel 


Five blades of various steel alloys, 


edge, were inserted in the same stage of expansion 
of a machine and run for some 18 months at a 
high peripheral speed (about 1,000 ft. per second 


on the outer diameter) and a degree of wetness of 


about 13 per cent. 


The illustration shows the five blades at the 
end of the test period, and clearly indicates the 
relative the 
samples corresponding to the following lettering 
of blades :— 


degrees of erosion on different 


(A) Stainless iron, 0.1 per cent. carbon 
content. 

(B) Stainless iron, 0.15 per cent. carbon 
content. 


Fig. 6.—-Erosion test 
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(C) 5 per cent. nickel steel. 


Mild steel with upper part of inlet edge 
shielded by hardened steel. 


(E) Special austenitic steel. 


Unlettered blade—mild steel. 





Further experiments established that for effec- 
tive resistance to erosion the degree of hardness 
of the blade inlet edge should be equivalent to 
a Brinell number of 600, and the method now 
adopted by the English Electric Company to 
accomplish this is to braze shields of 18 per cent. 
tungsten steel to the inlet edges of all blading 
running at high peripheral speeds and working 
in steam having a large degree of wetness. By 
careful control of the brazing temperature the 
tungsten steel shields are hardened to the requisite 
degree in cooling. 

The third method tried for the reduction of 
water-cutting at the last stages of steam turbines 





effects on blades of different material after 18 months’ service. 
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Fig. 7. 


was by the extraction of water from the machine 
at these stages. 

A large number of experiments were carried out 
with various types of water-catching grooves and 
baffles and a satisfactory design was evolved, 
which, with 


control valves, 


enabled an appreciable amount of water to be 


together special 
withdrawn, the result being that not only is the 
amount of erosion reduced, but a gain is effected 
These 
devices are now adopted on all ** English Electric ”’ 
turbines where the wetness and blade speeds are 


in the efficiency of the stages concerned. 


such as to warrant its inclusion. 

Mention was made in the introduction to this 
article of work carried out by the English Electric 
Company on high-pressure steam research, and 
a more detailed account of the experimental plant 
installed at Rugby for this purpose may be of 
interest. 

In this connection the first experimental Benson 
boiler was installed at the Company’s Rugby 
Works in 1922, to investigate the possibilities of 
the 
temperature. To operate in conjunction with this 


generating steam at critical pressure and 


Experimental Turbine designed to operate in conjunction with 3,250 lbs. per square inch Benson boiler. 


a 250 kW. high-pressure back-pressure turbine was 
built the 
problems arising from the use and behaviour of 


for experimental investigation into 
steam at very high pressures and temperatures. 

This was the first occasion on which steam had 
been generated at the critical condition on a com- 
mercial scale, and marked the beginning of a 
period of great activity in high-pressure high- 
temperature steam research. 

At the critical pressure, which is about 3,250 Ibs. 
per square inch, the specific volume of steam is the 
same as that of water. Consequently, the forma- 
tion of steam takes place quietly and without 
ebullition ; moreover, the equality in specific 
volume of steam and water entails no change in 
velocity with change in state, and therefore 
obviates the necessity for steam drums common 
to boilers of lower pressure. 

Saturated steam at such pressures cannot, of 
course, well be employed at the inlet to turbines 
on account of the high degree of wetness developed 
attendant adverse 


during expansion with its 


effect on efficiency, etc. Consequently, in order 


to bring the turbine experiments within the scope 
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of practical operation for a machine of this size, 
the steam, generated at 3,250 lbs. per square inch, 
742 deg. F. total temperature, was throttled down 
to a pressure of 1,500 lbs. per square inch and 
superheated to a total temperature of about 
850 deg. F. 

The turbine illustrated in Fig. 7 comprised a 
mean 
diameter running at a blade tip velocity of 
1,100 ft./sec. and exhausting at 200 Ibs. per 
square inch. 


single-stage impulse wheel of 9.65 in. 


The dise carrying the blades was 
forged solid with the flexible shaft running at 
25,000 r.p.m., which drove a water brake at 
6,000 r.p.m. through reduction gearing. 

The blade root attachment was of the side- 
inserted type, which is easily removed, facilitating 
its replacement for tests on various blade forms. 
Shaft glands were of the carbon labyrinth type 
with end-tightening adjustment. 

As in the case of the low-pressure experimental 
turbine previously mentioned, all auxiliary loads 
incidental to the turbine, such as oil pumps and 
speed governor drives, were omitted from the 
shaft and, where necessary, were provided for 
independently in order that a true value of the 
turbine’s output couia be arrived at with the 
greatest possible accuracy. 

In connection with the actual tests carried out 
on this machine, exhaustive investigation was 
made over a period of two years into questions 
affecting reducing valve and throttle valve design 
for 
and steam joints. 


high-pressure high-temperature operation, 
Concerning the turbine itself, 
a considerable amount of valuable information 
was obtained on the subject of high-pressure shaft 
glands, dise friction and windage losses in steam 
at high density. 


range of speeds and at different flow quantities 


A series of tests taken over a wide 


established important data on the design and 
operation of blading and nozzles in high-pressure 
steam. 


MECHANICAL RESEARCH. 


Important problems involved in turbine design 
and construction are those associated with the 
blading and the rotor carrying it, as not only 
must the desired thermal efficiency be obtained, 
but mechanical stability under the combined 


effects of pressure, temperature, centrifugal and 
boundary loading at all conditions of operation is 
necessary. 

As regards mechanical stability, many of the 
problems concerned can be resolved into com- 
paratively simple cases readily amenable to cal- 
culation and giving results which can be relied 
upon with safety. There are circumstances, how- 
ever, where mathematical treatment alone cannot 
be regarded with satisfaction, chiefly because of 
the complexity of factors involved. In such 
cases, elaborate technical investigation is under- 
taken to ensure complete stability under all 
running conditions. 

Probably one of the least easily predictable 
problems from the mathematical standpoint is 
that of certain types of vibration. As in most 
types of high-speed machines, many parts of a 
turbine can, under given circumstances, vibrate 
in a number of ways. Some of them are, however, 
undesirable from the point of view of smooth 
running rather than dangerous. For example, 
insufficient provision for free relative expansion 
of the casing and rotor, particularly in the case of 
a multi-stage single-cylinder machine where the 
whole of the temperature range is confined to one 
may the turbine to run 
roughly, and this is, of course, a matter which is 


casing, well cause 
now especially allowed for. 

There are, however, other types of vibration 
arising in the different parts of the machine which 
may lead to serious danger, and, indeed, to which, 
more particularly in the early days of the steam 
turbine, the wreckage of more than one machine 
can be traced, details of which are referred to 
later. 

It is, of course, clear that it is essential that the 
rotor shall be in accurate balance, both statically 
and dynamically, and so designed that the main 
criticals and sub-criticals are well removed from 
the running speed. 

Static balance is comparatively easily obtained 
by supporting the rotor with its journals resting 
on carefully levelled knife edges and adding 
balance weights, which are later used as the basis 
of calculating the amount of metal to be removed, 
or for permanent balance weights to be added 
according to the type and design of the rotor. 








200 





Fig. 8. 


A rotor may be in perfect static balance, but 


— 


it is still possible for it to be out of balance due to 
unbalanced centrifugal couples when rotating 
at speed. Dynamic balance is a rather more diffi- 
cult operation and necessarily must be under- 
taken as the result of observations taken whilst 


the rotor is revolving. Developing from rather 


Dynamic Balancing Machine for small turbine rotors. 
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crude beginnings, the 
design of a_ balancing 


machine, as the result of 
a great deal of thought 
and ingenuity, has now 
pitch 
balancing of 


reached a where 
the the 
largest rotors is a matter 
of precision instead of 
the trial and error prin- 
ciples formerly used. Fig. 
the 
balancing 


8 shows one of 
Company's 
machines as used _ for 
turbine rotors, 
Fig. 9 


another more generally 


small 
while shows 
employed for large tur- 
bine and _alter- 

Both of 
machines enable 
dynamic balancing to ke carried out with a high 
degree of accuracy. 


rotors 
nator rotors. 
these 


With regard to critical speeds or shaft whirling, 
all rotors possess a series of characteristic speeds 
at which centrifugal forces tend to overcome 
the elastic resistance of the shaft to deflection. 
If a shaft 


is run near one of these speeds, 





Fig. 9. 


Dynamic Balancing Machine for large turbine and alternator rotors. 
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vibration will take place, and 
as the speed is made to 
approach the critical value, 
vibration becomes more 
pronounced until the critical 
speed is reached where, if 
maintained at 


for 


the shaft is 








this speed any length 


of time, the deflection be- 
comes progressively greater 


until fracture occurs. 


The first consideration, 
therefore, in 
turbine 


that its whirling speeds are 


designing .a 
rotor is to ensure 
sufficiently removed from its 
operating speed so as to give 
Either 
the shaft is proportioned such that the lowest 


Fig. 10. 


rise to no trouble. 


critical speed is well above the normal speed, or, if 


thesize of shaft necessary to obtain this is such that 
consideration of disc hub stresses or the necessity 
of low interstage leakage losses in order to obtain 
high efficiency do not permit it, well below the 
running speed. In the latter case, care is taken 
to ensure that when running up to speed, the 
critical point is passed through as rapidly as 
possible. 

The approximate determination of the lowest 
critical speed of a shaft—usually all that is 
necessary—is now a comparatively simple matter. 
A graphical method is generally employed. 

Fig. 10 shows very clearly what takes place 
shaft 
speed. It is a 


its critical 
shaft with 
load distributed, obtained by means of a spot of 


when a is passing through 


record of a model 
light reflected from a mirror fixed to one end of 
the shaft. 
the shaft settles down to steady 


The diagrams indicate clearly how 
rotation in 
between successive critical points. The apparatus 
on which these diagrams were obtained formed 
part of an exhibit by the author before the Royal 
Society in 1924. 

There is another form of shaft vibration or 
whipping which has in comparatively recent times 
been troublesome in some turbines, the cause of 


which was for a considerable time obscure. It is 
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Record of vibrations of a model shaft at various speeds. 


distinguishable from the true shaft critical speed 
in that it was found to occur over wide ranges of 
speed, the vibration or whirling frequency bearing 
little, if any, relation to the speed of revolution 
and being apparently unconnected with the 
dynamic balance of the rotor. 

Considerable research and theoretical investiga- 


tion have been carried out on this subject by, 


amongst others, Hummel, and it has been 
traced to oil action in journal bearings. It is 
now definitely established that the familiar 


wedge action of the oil in a well-lubricated journal 
bearing tends, in certain circumstances, to produce 
a‘ whirling motion ” of the shaft in its clearance, 
travelling slowly round in the direction of rota- 
tion, but at a frequency of approximately half the 
shaft r.p.m., i.e., the journal makes one circle of 
the bearing in approximately two revolutions. 
This phenomenon results in a well-defined vibra- 
tion (“ Oil Resonance”) at twice the ordinary 
shaft critical speed, for the frequency of the 
journal would then be equal to the natural period 
of the shaft. 


critical speed, it appears that once vibration 


Now, unlike the ordinary shaft 


occurs at the “ Oil Resonance’ point, it is pos- 
sible for the shaft to continue vibrating as the 
speed is increased, i.e., it fails to pass through this 
critical point. It has been suggested that the 


reason for this is that the greatly increased fric- 
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Fig. 11.—Nozzle Plate showing rubbing marks caused by a standing wave in a 


vibrating disc. 


tional resistance caused by the whirling holds 
down the oil action to the resonant frequency so 
that it maintains the vibration even though the 
speed of rotation is increased considerably above 
the oil resonance speed. Further experiments by 
the Company showed that if a damping resistance 
were applied to a vibrating shaft just after the oil 
resonance point, the whirling could be prevented 
for a range of speed, but would often break out 
again at a higher speed. The effects of bearing 
clearance, length and loading were also investi- 
gated, and the main conclusions arrived at were 
that this form of vibration could be avoided by :— 
(1) Confining operation to a speed below 
twice the first critical speed, though this 
is not usually practicable. 
(2) Avoiding very light bearing loading 
pressures. 
(3) Change in pressure of the oil supply. 
(4) By reduction of bearing clearances. 
A rather more serious type of vibration may 
occur in turbine discs and is thus a problem which 
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more nearly concerns the design 
of turbines with large wheels of 
slender proportions. It was some 
time before the real cause of the 
trouble was traced to its source, 
and in some instances it was 
believed that the material was 
faulty. When, however, a disc 
apparently of perfectly sound 


material and stressed only to 


a moderate degree 


failed in 


completely 
and when 
the 
specification 
similar 


service, 


replace discs to same 


dimensions and 
behaved in a manner, 
some other root cause had to be 
Quite a 


theories 


found. number of 


ingenious were pro- 
pounded before it was definitely 
established that axial vibration 
was taking place in the disc. 
The comparatively light discs 
of large diameter which were at 
one time common in large single- 
cylinder 
1,200 r.p.m. and 1,800 r.p.m. in 


machines running at 
the United States of America experienced more 
trouble than the smaller diameter discs which 
were more general in this country and on the 
Continent, though even here disc vibration was 
not unknown. 

One of the earliest disc failures in this country 
was that of the first wheel of a 5,000 kW. 1,500 
r.p.m. impulse machine. Under certain operating 
conditions this disc fouled the stationary parts of 
the machine with the result shown in Fig. 11. 
In this case the material was at first suspected, 
but when a second disc gave the same results, 
an investigation was made to determine whether 
the disc, when running, had a frequency which 
might coincide with any disturbing forces arising 
from the rotation of the set. 

These early investigations were of a rather 
primitive nature and consisted chiefly in attempts 
to determine the natural period of vibration of the 
disc by means of a reed tachometer, while a light 
blow was given to the rim of the disc when held 


firmly at the bore. An effort was also made to 








THE ENGLISH ELECTRIC JOURNAL 








Fig. 12.—-Static vibration tests showing a one nodal diameter vibration, 


using water as the indicating medium. 








Fig. 13.—Static vibration tests showing a two nodal diameter vibration, using water as the indicating medium. 


calculate the frequency based on the observed 
static deflection shape of the dise when lying 
horizontally and loaded at various points. These 
indicated that the dise probably possessed a 
natural frequency approximating to double the 
speed of rotation, but did not give any indication 
as to the manner in which the disc was vibrating, 
and methods yielding more definite results had 
to be devised. 

The first step was to determine accurately the 
static vibration characteristics. The arrangement 
adopted by the Company was to bolt down rigidly 


the disc to a heavy face plate and excite vibra- 
tions in the disc by means of an electro-magnet 
fixed under the rim of the disc. The frequency 
of the impulses was varied by passing the mag- 
netising current through a make-and-break device 
of the commutator type running on the shaft of 
a small variable-speed motor. The speed of the 
motor was adjusted until the disc vibrated in a 
manner indicated by the movement of a thin 


The 


usual form of vibration of turbine discs is in the 


layer of sand or water placed on the disc. 


nature of nodal diameters (i.e., the stationary 





Fig. 14.—Dise Vibration Testing Machine with cover removed, showing a bladed dise in (3) 


position. 


points and the points of maximum displacement 


lie on the diameters of the disc either 1, 2, 3, 4, 
etc.,in number). The discs may exhibit the pheno- 


menon of cupping (or umbrella motion), but 


vibration on nodal circles and compound forms of 


vibration are not easily excited in turbine discs 
of normal design. Examples of such vibration 
figures taken on a disc of 96 in. mean diameter 
are shown in Figs. 12 and 13. These photographs 
show very clearly the nature of vibrations which 
In the two examples illustrated, 
At the 
nodal diameters where the deflection is zero the 
surface of the but 
where the vibration of the disc imparts a ruffled 


take place. 
water was used as the indicating medium. 
water remains clear, else- 
surface to the water. 

It is, 
theoretical method was available for calculating 


of course, obvious that if some certain 
the vibration characteristics of discs, the risk of 
completely manufacturing a disc and then finding 
that it would be likely to vibrate in service would 
be avoided. The theoretical investigations were 
initiated by Dr. Stodola, and his fundamental 
expressions have been adapted by other investi- 


gators to suit certain types of discs. At their 
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the 
laborious, 


best, however, 


methods are 


and, in addition, there 
number of factors 
the 


period of vibration can- 


are a 
whose influence on 
not accurately be esti- 
mated. Amongst these 


may be mentioned :— 
(1) Method of sup- 
shaft— 
dise is 
shaft, 
on, or 


port on 
whether 
solid with 
shrunk 
carried on mount- 
ing rings—and the 
degree of tightness 
of fit. 
The 

blading 


influence of 
and 
method of fixing. 
The 


balance holes. 


influence of 


(4) The condition of internal stress through- 
out the web of the disc. 
(5) Temperature. 
(6) The influence of the speed of rotation. 
If the effects of speed (i.e., of centrifugal force) 
were known with a reasonable degree of accuracy, 
some such static method as already described 
would suffice for the determination of the vibra- 
tion characteristics of a disc. It would appear 
(rotating fre- 
R.P.M.? 
holds good with fair accuracy, but unfortunately 
the factor K varies between the 
contour of the disc, blading load, and the number 


that an approximate relation 


quency)? (static frequency)? + K x 
2 and 5 with 


of nodal diameters. 


For these manufacturers have been 


compelled to rely on actual testing at speed of all 


reasons 


discs where there is any possibility of vibration 
being set up, and for this purpose several have 
constructed elaborate testing machines in which 
discs can be examined for vibration under any 
conditions of speed, temperature, etc. 
The built by the English 
Company some years ago is shown in Fig. 14; 


machine Electric 


the top half of the casing has been removed to 
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800 RPM. 900 RPM. 


LOOOR.P.M, aa L100 RPM. 


1200 R.PM. es 1300 RPM. 


Tig. 15.—Illustration of a standing wave by means of a rotating rubber disc. 








206 
show the bladed disc in position. Vibrations of 
the disc relative to a stationary point are recorded 
by observing the variation in the current through 
an electro-magnet attached to the machine frame 
due to the changes in the air gap between magnet 
core and disc. Similarly, vibrations relative to a 
fixed point on the disc are recorded by the current 


variations in an electro-magnet attached to a stiff 


disc rotating with the bladed disc under test. 
Campbell’s fundamental discovery was that 
a rotating disc tends to develop trains of waves, 
corresponding to the various static nodal dia- 
meters, travelling round in the disc, either in the 
direction of motion or against it. Thus any point 
in the dise is continually passing through a suc- 
cession of nodal points and points of maximum 
amplitude of vibration. It will be clear that such 
a vibration can be maintained by a pulsating 
force of the same frequency acting on the disc ; 
if such a force exists in a turbine, vibrations may 
be set up such that the resultant alternating stress 
superposed on the normal working stresses may 
exceed the fatigue limit, with ultimate fracture. 


There is still, however, a more serious form of 


disc vibration. It is possible for a backward wave 
in the disc to travel round at the same rate as the 
disc is moving forward. These waves, although 
moving in the disc, appear stationary to an 
observer. In other words, the disc appears to be 
permanently deformed. The speeds of rotation 
at which this occurs are the critical speeds of the 
disc, corresponding to the various nodal vibra- 
tions (2, 3, 4, etc., nodal diameters). 

The natural stiffness and the relatively small 
deflection of steel discs does not permit of the 
visual demonstration of their mode of vibration 
when running, but the nature of these vibrations 
can be very clearly shown in a flexible rubber 
dise which deflects in precisely the same manner 
but to an exaggerated degree. Fig. 15 shows a 
number of photographs of a rubber disc rotating 
at various speeds and vibrating at some of its 
critical speeds. These photographs were taken 
some years ago by the author on apparatus 
forming part of an exhibit before the Royal 
Society. 

Such standing waves obviously do not require 


a pulsating force to excite them as in the case of 


THE ENGLISH ELECTRIC JOURNAL 


the other resonant vibrations referred to above— 
a constant force at one point is all that is neces- 
sary. A force of only a few pounds is found to be 
sufficient to cause a disc to respond strongly to a 
whole series of critical speeds. It is in this charac- 
teristic that the danger to a turbine lies, for it 
hardly needs to be said that any irregularity in 
the nozzles, or more particularly the employ- 
ment of partial admission in a diaphragm may 
result in a transverse steam force on the disc 
a few pounds greater at one part than at the 
others. If one of the disc’s critical speeds lies 
close to the operating speed, it is safe to predict 
trouble. The lower nodal vibrations are usually 
of most importance since the vibration in these 
cases extends much further towards the centre 
of the disc and the amplitude of vibration tends 
to decrease with increasing number of nodes. 

If the vibration is of sufficient magnitude to 
cause the disc to touch its diaphragm, the latter 
will show markings at a number of symmetrically 
placed points equal to the number of nodal 
diameters, whilst the whole rim of the dise will 
touch these points in turn. The rapid heating 
thus caused has been known to result in welding 
the rotating and stationary parts solidly together 
before the rim of the diaphragm was torn off, 
carried round with the dise and burst. In another 
case the breakdown may follow from a heavy 
out-of-balance due to blades being torn off or to 
fatigue starting from points of high local stress, 
such as balance holes. 

It may happen that in spite of a complete 
knowledge of the vibration characteristics of 
previous similar discs, a disc is manufactured 
which, when tested, possesses a critical speed too 
near to normal running speed for safety. To 
avoid entirely replacing such a disc, recourse is 
made to tuning. By removing metal from a 
certain part of the disc profile or even from the 
blading, the critical speed in question may be 
reduced without unduly affecting the others. 
Thus, to influence a 2-nodal diameter vibration, 
metal is removed from near the hub, whilst a 
6-nodal diameter vibration would probably be 
best corrected by removing or adding weight to 
the blading. 

So much time and thought have been given to 
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the subject of dise vibration and conclusive data 
established that it can be said to be fairly well 
little 
experienced from it in the future. It may possibly 
that the 
multi-cylinder multi-stage machine running at 


understood and very trouble should be 


be mentioned here, however, modern 
3,000 r.p.m., more particularly when of the solid 
rotor impulse reaction construction as typified 
by the Company’s design, is inherently immune 
from dise vibration troubles. The lowest critical 
speed of its discs is very far removed above the 
normal running speed. 

A disc is usually considered to be safe from 
vibration when the 2-nodal diameter critical speed 
is removed at least 15 per cent. and higher 
nodal diameter critical speeds 10 per cent. from 
operating speed. This margin is designed to 
allow, amongst others, for the effects of possible 
temperature variation, and the fact that vibra- 
tion phenomena do not occur with precise accu- 
racy at a definite speed, but may arise slightly 
above or below the speed corresponding to maxi- 
mum resonance. 

Closely allied to dise vibration is 
blade vibration. In fact, it is in 
some cases difficult to say where disc 
blade 


vibrating disc, 


vibration ends and vibration 
begins, since, in a 
behave as a com- 
the 


appreciable 


blades and dise 


posite whole, and in higher 


nodal vibrations any 


vibration is often 
the 


Moreover, the length and weight of 


amplitude — of 


confined to blading alone. 


the blading has a very great in- 
fluence on the natural frequency of 
the bladed disc. 
the dises of a single-cylinder 
6,250 kW. 3,600 r.p.m. 
turbine with dises of approximately 
39 in. 
that 
the 
at 2-nodal 


For example, from 
impulse 
diameter, it was found 


blade 
static unbladed disc frequency 


rim 
whilst a 1 in. reduced 
diameters to 83 per 
blade 


low as 


cent. of its value, an 11 in. 


reduced the figure to as 
37 per cent. Fig. 16. 
However, it is possible for blades 


Blade 
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to vibrate independently of the disc, and various 
steps have to be taken, particularly in the case of 
long blades towards the exhaust end of a machine, 
to ensure that the natural frequency is left well 
removed from the normal operating speed or 
simple multiples thereof. 

Fig. 16 the 
determination of critical 


shows apparatus used for the 


frequency and _ for 


fatigue testing of blades. In this case a D.C. 
energised electro-magnet, in conjunction with a 


the 


blades, causes sustained vibrations at the natural 


simple make-and-break device mounted on 


period. 

The employment of shrouding, ete., has an 
important influence on the frequency of a row 
of blading, since its tendency is to cause blades 
to vibrate in groups rather than singly, and it 
also tends to change the mode of vibration from 
one with one node at the root, to one with a node 
at both tip and root. Both influences are in the 
direction of increased frequency. From this con- 
that the 
lacing wires at suitable intervals has a beneficial 


sideration it follows introduction of 





Vibration Tester showing SE parat ly the electro magnet used 
for group te sting of laced blades. 
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effect, and indeed is essential in the case of long 
The 


number and size of such wires is, of course, only 


reaction blades of the radial clearance type. 


limited by considerations of efficiency and a com- 
promise has to be effected. 

For the testing of blades grouped together by 
shrouding or lacing wires an elongated electro- 
magnet, shown in Fig. 16, is employed to induce 
vibrations in the group as a whole. 

A development of these tests approximating 
more nearly to service conditions is obtained by 
the use of the apparatus shown in the left fore- 
ground of Fig. 1. Using this method, vibrations 
are induced in the blade, which is subject to a 
tensile load representing the centrifugal stress 
at a given point. In order that the attachment 
of the load shall have the minimum effect upon 
the freedom of vibration, the load is applied 
to the tip of the blade through a long horizontal 
wire. 

It is clear, however, that none of these methods 
can reproduce faithfully the actual condition of 
stress and vibration under normal operating con- 
ditions. Reproduction, for instance, of centri- 
fugal stress in blading under static conditions is 
an impossibility, but, nevertheless, by interpola- 
tion of the results of a number of tests by different 
methods, a method of approach may be arrived 
at by which, using a suitable safety margin, 
troubles arising from the vibrations described can 
be eliminated. 

Although it is now safe to say that the causes 
of major vibrations are understood and therefore 
that troubles arising from them can be avoided 
by judicious design, there remain inevitably minor 
parasitic vibrations which, while not being 
dangerous in themselves, may, in conjunction 
with static or centrifugal stresses, lead to failure 
by fatigue. 

As would be expected, fatigue effects of vibra- 
tion make themselves evident by failure at the 
points of maximum stress. For example, turbine 
blades and their root attachments are subject to 
tensile, bending and shear stresses under the com- 
bined effects of steam pressure and centrifugal 
force; they may also be subject to parasitic 
vibrations as a result of which fatigue failure is 
liable to occur if precautions are not taken in 
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Now, 


although it is possible for normal design purposes 


design to avoid points of local high stress. 


to calculate the cross sectional area of metal to 
withstand known loads and by experience to 
allow for fatigue effects, the calculations are of 
necessity based on an assumed symmetrical and 
uniform distribution of stress throughout the 
That the 
lines of flow analogous to flow in liquids is well 


material. stress distribution follows 
known, but the actual prediction of the intensity 
of stress at any one point is a matter of conjecture 
without the use of special exploratory apparatus, 
such, for instance, as the Photo-Elastic apparatus 
Sir David 


Professor 


based on principles outlined by 


Brewster and 
Coker. 
the 
tugby Works and the principle of its operation 


developed later by 
Apparatus of this nature is employed by 
Research Department of the Company’s 
briefly is that specimens of celluloid or synthetic 
glass, when subjected to stress, become bire- 
fringent. Polarised light falling on the specimen 
is resolved into two components polarised in the 
directions of the principal stresses, and owing to 
the relative retardations between the two waves 
emergent from the specimen, interference occurs 
and colour effects are seen after the beam has 
passed through a crossed analyser, from which 
the stress distribution can be deduced and plotted 
or photographed for record purposes. 

A considerable amount of useful information 
can be obtained by the use of this apparatus 
the 
members, but the exploration of stress distribu- 


regarding general conformation of plain 


tion by the methed is subject to limitations 
inasmuch that it can be applied only to thin 
laminge representing the problem in two dimen- 
sions, and the effect of thickness cannot be ascer- 
tained. In the general case it becomes necessary, 
therefore, to carry out full scale tests to destruc- 
tion in order to verify calculated designs of a 
complex nature or where the basis of calculation 
is in doubt. 

As an example of this type of work, Fig. 17 
illustrates the results of a series of tests carried 
out on blade fixings of different proportions in 
the the 
optimum proportions of dise width to root section, 


same material in order to determine 


a problem not readily amenable to calculation, 
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lad 


Fig. 17. 


since, in the narrow sections of metal considered, 
the necessarily considerable changes in area which 
occur abruptly, lead to a localised concentration 
of stress which is difficult to predict with accuracy. 

Specimens A to D, inclusive, represent standard 
inverted ‘‘T”’ blade roots in discs having jaws 
of different thickness ; 
special type of blade fixing, having a side grip 


specimen E represents a 
(from which it takes its name). As will be seen 
from the following tabulated failing loads of the 
five specimens, the provision of the side grip adds 
very considerably to the strength of the attach- 
ment as compared with the normal type of attach- 
ment of equivalent jaw width represented by 
sample A. The side grip attachment is used only 
in special cases of high jaw stresses where the 
normal method of attachment would be rendered 


difficult owing to the increase of disc stress 
resultant upon the use of a heavier jaw. 
Specimen ia aa \ B C D EK 


Load at failure (tons) 1.6 2.65 3.15 4.15 3.0 


The problem of blending the change from one 
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Destruction tests carried out on blade fixings of various proportions. 


section of metal to another by gradual means in 
order to minimise the effects of stress concen- 
tration at points of discontinuity is one which is 
of extreme importance, particularly where there 
is the possibility of vibration imposing even more 
arduous conditions than exist under static con- 
ditions, and has received considerable attention 
in the Research laboratory of the Company’s 
Turbine Department. It follows that the parts 
demanding the closest attention in this direction 
are those associated with the rotating members, 
rotor dises and blading being the items of greatest 
importance. In blading there are of necessity a 
number of radical changes in section, which, by 
virtue of the function they fulfil, must occur 
somewhat abruptly. First, the change from the 
blade section to root involves a sudden change 
from a very thin section to one of comparatively 
heavy proportion followed by two further changes 
of section to form the inverted ‘‘ T”’ attachment. 

In all of these every care is taken to blend the 
change from one section to the other by radii as 
large as is consistent with the retention of the 
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a 


Fig. 18. 


general conformation to fulfil its designed purpose 


efficiently. 
The most drastic of these changes is that 
occurring at the bottom of the blade proper. 


At this point the blade edges are called upon to 
take their proportion of the centrifugal stresses 
acting over this area, and, in addition, are subject 
to the bending moment due to the force of steam 
acting on the blade face. As a consequence there 
is a tendency towards tearing at the bottom edges 
of the blade. 
these points form a potential source of trouble, 


Cracks, flaws or any inequalities at 


and for this reason a considerable 
attention has been devoted to the blending of the 
blade section into the root and to its accurate and 
uniform production in manufacture. It has been 
found that very small tool marks almost in the 
which 
the 


Company 


nature of scratches influence the load at 
illustrates 
the 
attaches to the manufacture of its blading. 


failure occurs and effectively 


importance of the care which 


Apart from such tests as a verification of or 
extension to mathematical analysis, there are 
many cases where there is no basis whatever for 
calculable design, and while *‘ judgment *’ might 
well be considered as satisfactory in determining 
the issue, the English Electric Company makes it 
its definite policy to back up and explore all such 
rule of thumb methods by positive tests to 


destruction before adopting the principle to 
practical design. 

Instances of the application of such tests which 
may be cited include the riveting of shrouding to 
the tips of blades. Too short a tang obviously 
would result in a rivet head of insufficient strength 
to resist the forces tending to lift the shrouding 
off its blade, while too long a tang would result 


in the possibility of a loose fixture due to the 





Destruction tests of shrouding rivets. 


amount of 
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inability to spread the head of the 
rivet effectively or else the pro- 
duction of a split head with the 
added danger of fatiguing the 
metal by excessive hammering. 
When considering the adoption of 
blade 


specific purpose, amongst other 


a new material for a 
things, its suitability for riveting 


must be considered where 
shrouding is necessary, and then the length and 
cross-section of riveting tang must be determined 
the the 


metal and the forces acting. Fig. 18 shows the 


in accordance with characteristics of 
results of a test on an experimental shrouding 
rivet. 

Illustrative of previous comments on the atten- 
tion paid to the avoidance of changes in con- 
formation liable to give local points of high stress 
concentration is the blending of the tang with the 
top of the blade by means of radii at the shoulders, 
necessitating a countersinking of the underside 
of the rivet holes in the shrouding. 





Fig. 19, Result of test to inve stigate adherence of lace wire 


brazing. 

Fig. 19 shows the result of a test taken to deter- 
mine the effectiveness of brazing lacing wires into 
turbine blades. In this case a sawcut was made 
from the edge of the blade to the circumference 
of the lacing wire and the brazed joint was torn 


apart to show the nature of the braze. Such a 








THE ENGLISH ELECTRIC JOURNAL 


test is necessitated when any change in blading 


material is proposed where lacing wires are 


necessary. 
Another example of tests taken in the absence 
of any calculable data for design purposes is that 


of the determination of the optimum thickness of 


white metal for thrust pads in a Michell bearing. 
Several considerations set limits to the thickness 
of the white metal bearing pads, but within these 
limits there exists a variety of claims for ten- 


dencies to either extreme. In determining the 


thickness of pad to be adopted a number of 
experiments were made on various depths of 


white metal by applying shear and cleavage forces 
to observe the relative’ strengths of attachment 
of the white metal pad to its brass block, and, 
in addition, the effect of dovetail attachment was 
investigated. 

In addition to mechanical tests of this nature, 
which might be more properly classified as bearing 
on the strength of materials, tests on completed 
units of auxiliary plant are frequently carried out 
to ascertain their behaviour and to check calcu- 
lated performance figures, which in many cases 
cannot be separated for analysis when the plant 
is running as a whole. 

Into this category can be placed an important 
series of tests carried out on the Company's stan- 
dard type of main oil pump for steam turbines. 
This pump is mechanically driven from the 
turbine shaft. 

For the purpose of these tests various standard 
sizes of this type of pump were selected and 
coupled in turn to an electric motor providing the 
driving effort. A pumping load was provided by 
throttling the oil discharge pipe and the oil 
quantity was measured by means of an orifice 
with 
the distribution of pressure over the pump casing, 


in this pipeline. One series of tests dealt 
and as an extension to this series an investigation 
of the effect of various tooth-to-body clearances 
was made, which established that there is a most 
economical clearance beyond which there is a 
marked increase in friction losses. This bears an 
analogy with experience gained in dise friction 
experiments, namely, that there is a definite and 
economical clearance between a 


most body 


rotating in a given medium and its enclosing 
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casing. Clearances both above and below will 
show an increased friction loss. The critical 


clearance will, in general, depend upon the nature 
of the medium in which the rotation takes place, 
and also on the shape and finish of the surfaces 
of both stationary and moving parts. 

Referring back to the subject of the vibration 
testing of discs, the necessity for a machine 
capable of testing discs under their normal run- 
ning conditions is emphasised by the following 
considerations. Certain types and sizes of dises 
have, on occasions, to be employed which have 
their static critical frequencies of vibration below 
the corresponding product of running speed and 
nodal diameters. In these circumstances there 
is the possibility that the rotating critical fre- 
quencies, always higher than the static values 
on account of the stiffening effect of centrifugal 
forces, may coincide with or approach the danger 
region of the nodal multiples of the running speed. 

It has already been mentioned (see page 204) 
that there is a relation between the critical fre- 
quencies of a rotating disc, its static critical 
frequencies and the speed of rotation, namely 
(static frequency)? + K 
(R.P.M.)?, but the factor K varies over a wide 


. . 7) 
(rotating frequency)* 


range even for discs of similar proportions 


rotating at the same speed, and it becomes 
the 


rotating frequencies experimentally in order to 


essential, therefore, to ascertain critical 


avoid, by tuning if necessary, the dangerous 
regions. 

An example illustrating the divergence of the 
value of K in the case of two very similar dises 
is shown in Fig. 21. The curves show the static 
critical frequencies for both discs with different 
nodal diameters together with the corresponding 
experimentally determined values of their critical 
rotating frequencies. Comparison of the calculated 
values of K from the two pairs of curves shows that 
for a 2-nodal diameter vibration the values are 3.0 
and 2.1 repectively for dises A and B. For discs 
so similar this represents a large disparity, and 
in the absence of experimental data a corre- 
spondingly large error in determining the rotating 
frequency from static characteristics would there- 
fore arise in assuming either value of K to hold 


for both dises. Inspection of the curves will show 
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Fig. 20.—Comparison of static and rotational tests of vibra- 


tion of two turbine discs. 


how critical is this value of K as bearing on the 
determination of safe running, since for certain 
types of discs such as those considered in Fig. 20 
the critical rotating frequencies are unavoidably 
close to the product of nodal diameters and speed 
of rotation. 

Other factors, such as temperature, method and 
tightness of fixing of blading, blade loading, disc 
profile, and method 
disc to shaft, exercise a modifying influence on 
the factor K, which still further makes it impera- 


tive that the rotational critical frequencies of 


vibration be determined by actual test under 
running conditions. 

Another interesting comparison illustrating the 
importance of carrying out these tests under 
normal operating conditions is afforded by the 
curves of static tests taken on disc B, first with 
the disc merely clamped by the hub to a face 
plate, and second with the disc mounted in its 
normal designed manner on a shaft. 

As a matter of interest it will be noticed that 
the difference in frequency of vibration at the 
lower nodal diameters is greater than at the higher 


and tightness of fixing of 
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nodals. 
regarding the tuning of discs, that is, alteration 
of the character of the disc in the region of the 
hub more particularly affects the frequency of low 


This is in line with previous statements 


nodal diameter vibrations, whereas alteration of 
the rim or of the blade loading has its greatest 
effect on the high nodal vibrations. 

The possession of such a machine as has been 
described for the vibration testing of discs, 
besides serving the immediate purpose of testing 
discs as the need arises, is the means of building 
up data on which future design is based and pro- 
gressively reduces the number of tests necessary 
as experience is gained. The apparatus has a 
further sphere of usefulness inasmuch that disc 
windage and friction loss data can be obtained 
by the use of a torsion dynamometer attached 
100 in. in 


to the driving shaft. Discs 


diameter can be accommodated in the machine 


up to 


for vibration or rotational loss tests. 

Apart from mechanical tests of the nature 
described, the routine testing of materials plays 
a very important part in the scheme of things. 
It is a generally acknowledged fact that modern 
advances in turbine design have been made 
possible only by the almost revolutionary strides 
made in metallurgy and the production of special 
The 


use of such steels having special properties makes 


high-tensile and creep-resisting alloy steels. 


it a factor of prime importance that the designer 
has every possible assurance that the materials 
used are completely in accordance with the 
specification upon which his design is based, and 
with this object in view scupulous attention is 
paid to the initial testing of all raw materials 
employed. Test pieces are taken from every bar 
destined for blading, and these are tested and the 
test sheets approved before the bar is liberated 
to the shops for manufacture to proceed. 

The testing and inspection of rotor forgings 
calls for special care and is necessarily a job for 
highly skilled and experienced examiners. 

Provision is made on all forging drawings for 
test pieces to be taken from selected points, and 
from 
examined, having due regard to the position from 
which the piece is taken and to the degree of 
forging to which it has been subjected. For 


these specimens the grain structure is 
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instance, a test piece taken from a shaft end, 
which, as the result of its comparatively small 
diameter, will have been subject to considerably 
more forging than the main body of the rotor, 
will show a more pronounced grain in the axial 
direction than will a sample taken from the outer 
periphery. In consequence of this variation of 
structure, it becomes necessary to apply strength 
tests with or across the grain according to the 
direction of the major stress in the finished rotor 
at the point under consideration. At the same 
time transverse tests are taken since they give 
useful information on the homogeneity of the 
material and show up cleavage planes which may 
result from impurities or pressed out cavities, etc. 
Throughout the machining of all rotor bodies a 
vareful watch is kept by skilled examiners for 
signs of ‘“‘ ghost lines’ or other 
irregularity in the material and a similar examina- 
tion of the centre of the forging is carried out by 
means of the borescope illustrated in Fig. 21, 
which takes the form of a specially developed 
borescope with its own illuminant for insertion in 
a hole bored through the axis of the rotor. If any 
doubts are raised as the outcome of these tests, 


examination by photo-micrography or by sulphur 


hes. 
1 - 


TC 
ay | ee 


AM 


Chad 


Fig. 21. 


indications of 
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prints of the structure of the material is made at 
the point in question. 

In addition to the previously mentioned tests 
which refer to particular cases, chemical, physical, 
microscopic and mechanical tests are applied 
systematically to raw materials generally, the 
value of which lies in their correlated results and 
in the explanations of divergencies or the verifica- 
tion by chemical or microscopic means of physical 
or mechanical tests. 

For the testing of completed turbine units and 
for the experimental investigation of steam flow 
problems, the Works is equipped with high- 
pressure test boiler plant. This unit, recently 
installed, was described fully in the May, 1936 
(Vol. VIII, No. 2), issue of the English Electric 
Journal, and was designed to meet the growing 
tendency towards the use of high pressure and 
temperatures among all classes of turbine users. 
The boiler has a normal evaporative capacity 
of 22,000 lbs. of steam per hour, with a maximum 
steaming rate of 35,000 lbs. for one hour, which 
enables turbines to be tested on loads up to 
about 4,000 kW., depending upon the conditions 
of test, and up to a pressure of 485 lbs. per square 
inch and a total steam temperature of 850 deg. F. 


at. ie 
i; = 


— 


Examination by means of the borescope of the internal surface of the hole bored through a turbine rotor. 
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— REGISTERED OFFICE — 


WEDNESFIELD, Nr. WOLVERHAMPTON 


Manufacturers of 


BLACK SHEETS, CLOSE ANNEALED SHEETS, 
CR. & CA. SHEETS, PATENT FLATTENED SHEETS, 
PLATES, + ° THICK & UNDER, CIRCLES, Etc. 
ALSO SPECIAL DEEP STAMPING & WELDING 
QUALITY. 
WORKS 


WEDNESFIELD STEEL CO., MIDLAND SHEET CO., 








WEDNESFIELD, Nr. WOLVERHAMPTON. BRICKHOUSE WORKS, WEST BROMWICH. 


Phone: FALLINGS PARK 31375. Phone: TIPTON 1530. 











June, 1937. THE ENGLISH ELECTRIC JOURNAL XI 






ASSOCIATED BRITISH MACHINE TOOL MAKERS 
WM CT el0'1-Jalol ae CT-Vae lar LIMITED. London, S.W.|! 


The ABMTM group of machine-tool makers covers the whole 
field of machine-tool building, giving the engineer at home and 
abroad a unique manufacturing and sales service. 


Apart from the main specialities of the Associated firms, customers 
have the advantages of the pooled research, the accumulated 
experience and the entire technical resources of the whole group. 


The abundant advantages thus provided by group co-operation 
will be obvious. The after-sales service provided is of a kind 
beyond the scope of the single manufacturer. 


For further particulars write to: 


17, GROSVENOR GARDENS 
LONDON S.W.1 
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Silvertow icants 1: 


MINOCO WHARF, 
WEST SILVERTOWN, LONDON, €E.16. 


CONTRACTORS TO THE ENGLISH ELECTRIC CO., LTD., AND PRINCIPAL GOVERNMENT DEPARTMENTS, 
RAILWAYS, MUNICIPAL AUTHORITIES AND INDUSTRIAL FIRMS. 
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@ Simple to ofierate. 
@ Unequalled rigidity. 
@ Telescopic brace 


with instanianeous 


locking. 


@ Brace guarantees 
accurate alignment 
each time it is 


locked. 


The illustration shows a Motor- 
driven M.E.2. type Semi- 
Universal machine, the sturdy 
lines and perfectly grouped controls 
of which will be readily appreciated. 


Ask for Brochure 
N.S. 36, A and B. 





CRAVEN BROTHERS mancuester) LTD. 


REDDISH - - - STOCKPORT. 
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LINES 


“U.C.D.” TYPE VERTICAL 
DRILLING MACHINE 


Built in three sizes to admit work up to 30ins., 
36ins., and 42 ins. diameter. 








Horizontal driving motor mounted directly on 
the head. Twelve or six spindle speeds as re- 
quired. Four rates of self-acting feed. All spindle 
controls concentrated at the front of the head. 


Various forms of tables available. 


Can be supplied in multi or gang form with any 
number of heads mounted on a common worktable. 


In addition to the box body type illustrated, 
machines of round column type can be supplied 
having circular elevating table arranged to swing 
aside. 

Send for copy of list R.51. 














0.D.” TYPE RADIAL 
DRILLING MACHINE 


Sizes: 3'6” upto 9'0” Maximum radius. 
Illustration shows 4'6” machine. 


Drilling capacity up to 3ins. diameter from the 
solid in steel. Tapping up to 2 ins. Whitworth 
in steel and Sins. gas in cast iron. Light 
boring up to 7ins. diameter. 


Twelve spindle speeds and four rates of self- 
acting feed. Four alternative speed ranges for 
customers’ choice when ordering. High range, 
1550/58 r.p.m.; low range, 580/22 r.p.m. 





A type which has been responsible for consider- 
able economies wherever installed. 





Full particulars contained in list R.48. 











WILLIAM ASQUITH Ltd., Well Royd Works, HALIFAX 


Telephone : 61258-9, 61250. Telegrams: “Drill, Halifax.” 
Sole Representatives for the Midlands and Southern Counties : 


DRUMMOND (SALES) LTD., 8, WATERLOO STREET, BIRMINGHAM 2. 
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‘A.E.C.—ENGLISH ELECTRIC’ TROLLEY BUSES 


form the most economical means 


of modernising existing systems. 


May we send you latest literature? 


THE ENGLISH ELECTRIC CO. LTD., Traction Dept., BRADFORD. 


OR 


THE ASSOCIATED EQUIPMENT CO. LTD., SOUTHALL, MIDDX. 
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Our Service is the result 
of 137 years’ experience 
in the printing world. 


Established 1800. 


THE BISHOPSGATE PRESS 


invite your enquiries for all classes of Printing 
and Stationery, and will submit, on request, 


Specimens and Lay-outs for 


ILLUSTRATED PRICE LISTS, CATALOGUES 
AND GENERAL ADVERTISING 


Designs prepared for 
LETTER HEADINGS 


for reproduction by 
POWER RELIEF STAMPING 


“THE BISHOPSGATE PRESS” 


STRAKER BROTHERS LIMITED 


194-200, BISHOPSGATE, LONDON, E.C.2 


Telephone: BISHOPSGATE 2444 (4 lines) 
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This English 
Electric Diesel 
Locomotive is 
lubricated with 
Texaco products 
which the L.M.S. 


use regularly. 


































































































































































































More economical, 
more efficient operation. 


Dependable lubrication 








from start-up to 


maximum speed. 


One of Blackpool's new luxury rail coaches. Also lubricated by Texaco. 


THE TEXAS OIL COMPANY LTD., THAMES HOUSE, MILLBANK, LONDON, S.W.1. 


PRODUCERS . REFINERS . DISTRIBUTORS. One of the largest Organisations in the World. 











